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ABSTRACT: Simultaneously improving the strength and toughness of materials is a major 

challenge. Inorganic-polymer hybrids offer the potential to combine mechanical properties of a 

stiff inorganic glass with a flexible organic polymer. However, the toughening mechanism at the 
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atomic scale remains largely unknown. Based on combined experimental and molecular dynamics 

(MD) simulation results, we find that the deformation and fracture behavior of hybrids are 

governed by non-covalent intermolecular interactions between polymer and silica networks rather 

than the breakage of covalent bonds. We then attempt three methods to improve the balance 

between strength and toughness of hybrids, namely the total inorganic/organic (I/O) weight ratio, 

the size of silica nanoparticles and the ratio of -C-O vs. -C-C bonds in the polymer chains. 

Specifically, for a hybrid with matched silica size and I/O ratio, we demonstrate optimized 

mechanical properties in terms of strength (1.75 MPa at breakage), degree of elongation at the 

fracture point (31%), toughness (219 kPa), hardness (1.08 MPa) as well as Young’s modulus (3.0 

MPa). We also demonstrate that this hybrid material shows excellent biocompatibility and ability 

to support cell attachment as well as proliferation. This supports the possible application of this 

material as a strong, yet tough bone scaffold material.  

KEYWORDS:  silica-polymer hybrid, strength toughness balance, atomic-scale predicting, MD 

simulation, bioactive materials  

 

 

 

INTRODUCTION 

The conflict between strength and toughness in materials continues to have important 

consequences for various structural and functional applications, despite the progress that has been 

made.1,2 Strength represents the largest achievable stress in the material, whereas toughness is the 

material’s resistance to fracture when a crack is present.3 Materials that can dissipate high local 
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stresses by undergoing limited deformation are tough, which explains why strong materials, i.e., 

those that deform less readily, tend to be brittle.1 For instance, oxide glasses can reveal high 

fracture strength above 102 MPa but typically less tough and flexibile,4 while polymer hydrogel 

materials can be stretched to several times their original length, but at the same time exhibit low 

fracture strength in the range of tens to hundreds of kPa.5 Such strong-but-brittle or tough-but-

weak materials are unsuitable for accommodating cyclic loading in a wide range of applications, 

including those within soft robotics and tissue regeneration. Balancing the strength and toughness 

is thus urgently needed to satisfy the aforementioned requirements. Strategies based on, for 

instance, double-network polymers6 and binary/ternary systems7 have been attempted. However, 

all-polymer systems with desirable flexibility could hardly reach the strength requirements for 

applications in vivo, since native human articular cartilage has a compression modulus of about 

0.4-2.0 MPa.8,9 On the other hand, binary or ternary systems usually suffer from phase separation 

and undesirable synergetic properties, which hinder many of possible applications.10 

To overcome the conflict of strength vs. toughness and avoid the issues with phase separation, a 

promising method would be the synthesis of covalently linked inorganic-polymer hybrid 

materials11-13, since such hybrid materials can synergistically combine the advantages of flexible 

polymers and rigid inorganic glass networks.14-16 In some cases, such inorganic-polymer hybrids 

have been reported to feature excellent functional and mechanical properties, making them suitable 

for bio-related applications as mentioned above.17-19 To ensure the integrity of the hybrids at the 

atomic scale, covalent bonding between the two phases to form interpenetrating hybrid co-

networks is usually achieved via organic-inorganic coupling agents.20 Different organic silane 

coupling agents are widely applied as they can adapt to various reaction mechanisms for 

constructing covalent bonds between silica and polymers.21-23 For example, coupling agents such 
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as vinyltriethoxysilane, diethoxydivinylsilane and diethoxymethylvinylsilane with vinyl 

functional groups can react with other vinyl monomers via free radical polymerization 

mechanism,24,25 while the epoxide group of glycidoxypropyl trimethoxysilane (GPTMS) can 

participate in a ring-opening process with suitable cyclic ether monomers.26-29 In turn, the silyl 

group on the latter can react with tetraethyl orthosilicate (TEOS) as the inorganic precursor through 

sol-gel condensation process. This enables the inorganic component to bond to organic polymer 

chains and thus promote its uniform dispersion in the hybrid network to avoid phase aggregation 

and separation.29, 30 As such, the amount of silane coupling agent determines the number of 

covalent links between the silica sub-network and the polymer chains.27,28  

Hydrolyzed TEOS bonds to polymer chains in such systems and can be used to control the size of 

the silica nanoparticles and total inorganic-to-organic (I/O) ratio.27 In addition, varying the 

structure of the polymer backbone is another path to adjust the mechanical properties of hybrids. 

28 Due to their controllable structures and polymerization mechanism, epoxides and other cyclic 

ether monomers are good candidates for forming the polymer backbone.29 As a thermoplastic, 

polytetrahydrofuran (PTHF) is commonly applied for biomedical applications due to its desirable 

anticoagulant abilities when incorporating polyurethane30,31 via cationic ring opening approach, 

giving rise to bulk materials with bouncy and tough mechanical performance.25 Similar monomers 

such as ethylene oxide and tetrahydropyran undergo the same polymerization mechanisms,27 but 

with different ratio of C-O to C-C bonds, thus enabling further control of the hybrid structure and 

mechanical properties at the molecular level.29, 32  

To understand the changes in the structure of such hybrid materials at the atomic scale in situ 

during deformation and fracture, molecular dynamics (MD) simulations are needed. This is 

necessary since in situ mapping of atomic rearrangements during fracture are still out of reach 
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experimentally. MD simulations have previously been used to understand the fracture behavior of 

various materials, including epoxy resins33, oxide glasses34, nanocomposites35, etc. However, such 

simulations have not yet been applied to understand the mechanical properties of hybrids with 

systematically varying components.  

In this work, we systematically investigate the mechanism of deformation and fracture of 

inorganic-polymer hybrid materials at the atomic scale using a combination of experiments and 

MD simulations. Specifically, we attempt to control the non-covalent intermolecular interactions 

in the hybrids through varying the size of silica nanoparticles (NPs), fraction of C-O bonds in 

hybrids, and total organic-inorganic weight ratios. Based on these systematic studies, we 

successfully achieve an improved balance of toughness and strength (or flexibility and hardness) 

in a hybrid PTHF·8TEOS that can be compressed to 31% compared with its original height for a 

strength of 1.75 MPa at breakage and toughness of 219 kPa. Importantly, we show that these 

hybrids reveal excellent biocompatibility, including non-cytotoxicity and ability to support cell 

attachment as well as further cell proliferations. Overall, our study shows that by understanding 

the hybrid deformation and fracture mechanism it is possible to control the hybrids’ mechanical 

properties. These findings could enable applications of such tailorable inorganic-polymer hybrids 

within tissue engineering and soft robotics. 

RESULTS AND DISCUSSION 

Synthesis of hybrid materials. As shown schematically in Figure 1a, silica and PTHF 

backbones were covalently linked through the silane coupling agent GPTMS.25,27 The synthesis 

combines sol-gel method for preparation of SiO2 precursor with cationic ring-opening processes 

for the organic monomers (Figure 1b). Specifically, TEOS was firstly hydrolyzed, generating -OH 
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groups (see steps (1) and (2) in Figure 1b), and secondly co-condensed, leading to covalent links 

between SiO2 and organic polymers (see step (3) in Figure 1b). Then, upon initiation by the Lewis 

acid BF3·(OEt)2, the oxirane group of GPTMS (Figure 1c) started the ring-opening polymerization 

of THF monomers, resulting in covalent links between the phases in the hybrid after prolonged 

condensation and drying (see step (4) in Figure 1b). 25, 36 The hydrolysis process, polymerization 

mechanism and molecular structures of such PTHF-SiO2 hybrids are presented in Figure S1.27 As 

we will show in this study, the obtained hybrids inherit the advantages of flexible polymers and 

hard inorganic components, but also exhibit good transparency (Figure 1b). We combine 

experimental methods and MD simulations (Figs. 1d,e) and perform systematic investigations of 

three compositional effects on the hybrid structure and mechanical properties, namely (Figure 1e): 

(i) varying amount of TEOS for the same content of GPTMS and PTHF (leading to different I/O 

weight ratios, in PTHF·xSiO2 series of hybrids) in experiments and MD simulations; (ii) varying 

molar ratios of TEOS-to-GPTMS under a constant I/O weight ratio (resulting in differences in the 

silica size, in y·GPTMS:z·TEOS series of hybrids) in experiments; and (iii) varying polymer chain 

repeating unit (PTHF vs. PTHP (poly-tetrahydropyran)) in MD simulations. Regarding the TEOS-

to-GPTMS variation for series (ii), we note that since GPTMS is the only compound herein that 

can form covalent links between the organic and inorganic components, the amount of GPTMS 

determines the number of covalently linked silica particles in the system and thus their size. We 

also note that hybrid series (iii) is only done in simulations due to the difficulty in polymerizing 

PTHP, but it allows us to gain fundamental understanding of the role of varying on the C-O to C-

C bond ratio on the hybrids’ mechanical properties. 
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Figure 1. (a) Schematic structure of hybrid: silica network is covalently bonded to polymer chains 

via coupling agents and molecular structure of PTHF; (b) synthesis process and obtained flexible 

and optically transparent PTHF·xTEOS hybrids; (c) molecular structure of coupling agent 

GPTMS; (d) schematic 3D-structure of a hybrid bulk; (e) MD simulated 3D-structure of a hybrid 

bulk where the color of the atoms matches that of panel (a); and (f) schematic structures of hybrids 

with  different I/O weight ratio, silica size, and polymer repeating unit. 
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Experimentally produced hybrids with different I/O ratio. Considering first the 

PTHF·xTEOS (x=0, 2, 4, 8, 16) hybrids, we find that after drying and aging processes, the hybrids 

possess high visual transparency (see inset of Figure 2a). Ultraviolet-visible (UV-vis) spectroscopy 

measurements are performed to quantify the optical transparency of the hybrid PTHF·8TEOS and 

make a comparison with a commercial soda-lime-silica glass.37 Both hybrid and glass samples 

have a thickness of 5 mm. As shown in Figure 2a, the transparency of the hybrid is up to around 

70% over a wide wavelength range of 400 to 1000 nm. Next, to understand the molecular structures 

of the PTHF·xTEOS series of hybrids, Fourier transform infrared (FT-IR) absorption spectra were 

recorded, as shown in Figure S2. The bands at 490 and 1090 cm-1 correspond to characteristic Si-

O-Si asymmetric stretching vibration.38-40 Peaks at around 1365 cm-1 could be ascribed to ν(C-O-

C), while typical -CH2 stretching vibration bands could be observed at 2845 and 2930 cm-1.27 

Hydroxyl (-OH) groups formed during the process of TEOS hydrolysis appear at 3200 cm-1.38, 39 

The composition-induced changes in the bands around 3200 cm-1 indicate that the silica sub-

network becomes increasingly crosslinked with the increase of TEOS content and consumed 

excessive –OH groups in GPTMS . Overall, the FT-IR results suggest the formation of PTHF-SiO2 

co-networks.  
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Figure 2. (a) UV-vis transmission spectra of PTHF·8TEOS hybrid sample as well as commercial 

soda-lime-silica glass, both with the thickness of 5 mm. (b) TGA heating curves of hybrids with 

varying I/O ratio, i.e., the series of PTHF·xTEOS hybrids. (c) Height (left) and phase (right) 

AFM images of the hybrid PTHF·16TEOS. (d) 29Si, (e) 13C and spectra of PTHF·xTEOS hybrids. 
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(f) FWHM (full width at half maximum) and chemical shift for 1H peaks in PTHF structures. The 

names and compositions of these hybrid samples are given in Table 1. 

The final I/O ratio in the hybrids was determined by thermogravimetric analysis (TGA) (Figure. 

2b). The total inorganic weight fraction varies from 5.1% to 20.9% in the studied samples (Table 

1). As observed during the TGA heating process, the organic polymers begin to degrade at ~210 

℃ and are fully decomposed at 390 ℃ in all hybrids. X-ray diffraction (XRD) measurement are 

also conducted, showing that all the hybrids are completely amorphous, as seen from the absence 

of any characteristic sharp diffraction peaks (Figure S3). Such non-crystallinity is in agreement 

with expectations, since hydrolysis, extended condensation, and covalent linkage processes 

effectively lead to uniform dispersion of SiO2, which strongly hinders the effective ordering among 

either inorganic “SiO4” tetrahedral or organic macromolecules into crystalline structures.41 

Furthermore, atomic force microscopy (AFM) images of the PTHF·16TEOS hybrid demonstrate 

a relatively uniform morphology and phase distribution on the nanoscale (see height and phase 

AFM images in Figure 2c). 

Table 1. Compositions of PTHF·xTEOS hybrids with different I/O ratios, including the amounts 

of THF monomer, coupling agent GPTMS, inorganic precursor (hydrolyzed TEOS) and final I/O 

weight ratio. 

Sample THF monomer 

(mL) 

GPTMS 

(mL) 

TEOS precursor 

aqueous (mL) 

Final I/O wt%* 

PTHF·

0TEOS 

20 1.24 0 5.1/94.9 
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PTHF·

2TEOS 

20 1.24 0.60 6.8/93.2 

PTHF·

4TEOS 

20 1.24 1.20 10.0/90.0 

PTHF·

8TEOS 

20 1.24 2.40 12.8/87.2 

PTHF·

16TEOS 

20 1.24 4.80 20.9/79.1 

*: determined from TGA data (see Figure 2b) 

 

Considering the structure of the silica subnetwork, we have investigated the differences induced 

by I/O ratio variations through solid state 1H, 13C, and 29Si nuclear magnetic resonance (NMR) 

spectroscopy measurements (Figure 2d-f, S6). First, regarding the coupling agent (GPTMS) used 

in the experiment, T3 structure represents fully condensed –C–Si– (O–Si–)3 moieties.42 In 

comparison, T1 and T2 structures refer to partially condensed units with two and one  –O–Si 

bonds connected to Si, respectively.43 For the silica structure hydrolyzed from TEOS, the fully 

cross-linked structure is defined as Q4 with four siloxane bonds.16,42 The molecular structures of 

T3 and Q4 are illustrated in Figure S4. As depicted in Figure 2d, with the increase in the content of 

TEOS, the fraction of Q-type structures increases, while the fraction of T2 decreases, indicating 

the presence of more branched structures. 
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Regarding the organic polymer sub-network, we consider 13C NMR spectra, which are dominated 

by the PTHF-related peaks at 26.5 and 70.4 ppm (Figure 2e). This is consistent with literature data 

for poly(tetramethylene oxide), which is a structural analogue of PTHF.44-46 Almost undetectable 

peaks (at 58 and 15 ppm in Figure 2e) indicate a very low fraction of alkoxide functionality as 

ending groups, suggesting a small fraction of unhydrolyzed GPTMS and/or TEOS. Moreover, 

through analysis of the 1H NMR data, we find that with the increase in the content of TEOS, a 

slight increase in the shielding of both the methylene protons (Ha & Hb in Figure S5) in the PTHF 

segment is observed (see Figures 2f and S6). Such smaller de-shielding effect from the oxygen 

atom in oxymethylene moiety on both Ha and Hb nuclei indicates enhanced intermolecular 

interactions between the silanol and oxymethylene moieties in the hybrids with higher TEOS 

content. Moreover, we find a well-pronounced increase in the FWHM (full width at half maximum) 

of both resonance peaks of Ha and Hb with higher TEOS content. This behavior reveals pronounced 

noncovalent interactions among organic/organic and organic/inorganic phases, restricting the 

“free-rotation” of methylene C-C bonds and therefore leads to broader peaks related to these two 

methylene hydrogen atoms.  

The variations in the protons’ chemical shifts with hybrid composition could be attributed to: (i) 

higher TEOS content, resulting in higher degree of crosslinking of the silica sub-network; (ii) 

organic PTHF becomes more entangled within the silica sub-network; (iii) intermolecular H-

bonding between silanols and H-nuclei becomes more pronounced; and/or (iv) H-nuclei become 

more deshielded, having lower electron density. In other words, the peaks are shifted to lower 

fields based on how dense the network is, i.e., how much TEOS has been added.  

Based on the apparent flexibility of the samples observed during their handling (see step (4) in 

Figure 1b), we expect the hybrids to be able to undergo significant permanent deformation without 
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fracturing. To quantify such mechanical properties of the hybrids, we have performed systematic 

studies of the influence of I/O ratio on the mechanical performances. Uniaxial tensile tests 

performed on rectangular specimens are compared in Figure 3a, with the extent of ultimate strain 

decreasing from 50.0% to 35.2% with the increase of the inorganic content in the hybrid from 

5.1% to 20.9%. Simultaneously, the failure strength increases from 0.32 to 1.35 MPa. Thus, the 

hybrids with higher content of inorganic silica exhibit less flexibility and elastomeric deformation 

behavior.    
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Figure 3. Mechanical properties of PTHF·xTEOS hybrids with different I/O weight ratios. (a) 

Ultimate tensile strength (σUTS) and tensile strain at failure (εf,T) as obtained from uniaxial tensile 

measurement as a function of TEOS content. (b) Stress-strain curves from compression test. (c) 

Modulus of toughness and Young’s modulus as a function of TEOS content. (d) Density and 

hardness from micro-indentation test as a function of TEOS content. (e) Storage modulus (E’) and 

(f) loss modulus (E’’) as a function of frequency.  

 

Stress-strain curves from uniaxial compression tests on cylindrical monolith bulk PTHF·xTEOS 

hybrids are shown in Figure 3b. A larger polymer content in the hybrids results in larger 

deformation and a lower level of ultimate stress, showing that such hybrids are more ductile 

compared with the inorganic-rich hybrids. The hybrid PTHF·0TEOS  can be compressed to 38.3% 

of its original height at a stress of 1.06 MPa and then fractures, while PTHF·16TEOS ruptures at 

23.7% of its original height at a stress of 2.14 MPa under the same loading conditions. The 

compression processes are illustrated in the insets of Figure 3b.  

Achieving a good balance between strength and toughness is a major challenge. As seen from Figs. 

3a-b, with the increase of TEOS content, the failure strain of hybrids decreases while the strength 

increases. However, in order to function as tissue scaffolds and accommodate cyclic loading, 

hybrids with both desirable strength and toughness are required. We here achieve such balance in 

the PTHF·8TEOS hybrid, which not only reveals desirable elongation (31% for compression) and 

good flexibility, but also high strength at 1.75 MPa. It also features the highest compressive 

toughness as can be seen in Figure 3c. At higher TEOS content, the elongation and toughness 

sharply drop. Such balancing of strength and toughness via controlling I/O weight ratios is 
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achieved through size of the inorganic nanoparticles, intermolecular interactions and chain 

frictions.  

We have further evaluated the modulus of toughness (U) and Young’s modulus (E) through the 

area under the compression stress-strain curves and the slopes of the initial linear elastic portion 

of the stress–strain curve in Figure 3b, respectively.47 The results are summarized in Figure 3c, 

showing that U and E are positively correlated to the SiO2 content in the hybrids. For the hybrid 

PTHF·0TEOS, U and E are 150.0 kPa and 0.85 MPa, respectively, while they are 199.2 kPa and 

5.65 MPa, respectively, for hybrid PTHF·16TEOS. Considering the five hybrids in the 

PTHF·xTEOS series, PTHF·8TEOS reveals the highest U of 219 kPa, again highlighting the good 

mechanical properties of this material.  

Such balance of strength and toughness through controlling I/O weight ratio of hybrid materials 

could guide further materials designing.  As to the improvement in mechanical properties, it can 

be explained by the formation of more crosslinked -SiO2- units as the I/O ratio increases. The 

hybrids show less elongation at fracture but at a higher stress, transforming from rubber-like 

(polymer dominated) to glass-like state (silica dominated). These changes in mechanical 

performance are supported by the 29Si CPMAS NMR results (Figure 2d), showing that the silica 

sub-network becomes more cross-linked and condensed with the increase of TEOS content, 

resulting in higher stress needed for deformation. The density (ρ) of the hybrids also increases with 

the addition of more silica, namely from 1.00 g/cm3 for hybrid PTHF·0TEOS to 1.12 g/cm3 for 

hybrid PTHF·16TEOS, i.e., an increase of 12% (Figure 3d). Vickers micro-hardness (HV) also 

increases with higher silica content, from 0.8 MPa for PTHF·0TEOS to 3.0 MPa for 

PTHF·16TEOS (Figure 3d). 
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In order to investigate the dependence of I/O weight ratio on the hybrids’ viscoelastic properties, 

dynamic mechanical analysis (DMA) measurements were performed.48 The results of sweep 

frequency show that the storage modulus (E’) (Figure 3e) of the five hybrids are 15 to 30 times 

higher than the corresponding loss modulus (E’’) (Figure 3f), confirming the formation of elastic 

solid hybrids.25, 49 We also note that no significant changes in E’ and E’’ values could be observed 

in any of the hybrids over the tested frequency range (0.01-10 Hz), indicating a rubber plateau like 

behaviour and cross-linked structures of the hybrid networks.50 The values of tan (δ) equal to 

E’’/E’ are ≤0.06 for all five hybrids at 1 Hz (Figure S7), representing elastic properties of the 

hybrid materials. 

Experimentally produced hybrids with different silica size. To investigate the role of the 

silica domain size on the mechanical properties, we have prepared PTHF-based hybrids with 

different molar ratios of GPTMS to TEOS. GPTMS as the coupling agent is the only bridge to link 

PTHF polymer chains and hydrolyze TEOS and therefore the [GPTMS]/[TEOS] ratio controls the 

size of silica particles in the system. Namely, for a constant total I/O ratio, fewer but larger silica 

nanoparticles are obtained as [GPTMS]/[TEOS] decreases and vice versa.  

TGA measurements are performed to determine the final I/O weight ratio of yGPTMS:zTEOS 

(10:0, 8:2, 6:4, 4:6, 2:8) hybrids, as shown in Figure S8. The results confirm very similar I/O values 

for the five hybrids. The density data of the yGPTMS:zTEOS hybrids are shown in Figure 4a, 

which also show limited variation. Thus, the size of silica particles has only a minor impact on 

density compared to the variation in the total I/O ratios (Figure 3d). The molecular structures of 

the yGPTMS:zTEOS hybrids are probed by FT-IR spectroscopy (Figure S9). Typical signals of 

these five yGPTMS:zTEOS hybrids for Si-O (at 490 cm-1 and 1090 cm-1) and C-O (at 1365 cm-1) 

are observed due to their similar chemical compositions. 29Si CPMAS NMR spectroscopy is also 
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performed on these samples to confirm the silica structures (Figure 4b). For the 10GPTMS·0TEOS 

hybrid, Q-type silane signals are not observed at any significant fraction, while T3-type structure 

is dominant, since no TEOS exists in this hybrid. With the increase in content of TEOS, the 

intensity of Q-type signals increases, indicating that the silica network becomes more cross-linked. 

AFM height and phase images of hybrid 2GPTMS:8TEOS are shown in Figures 4c and 4d, 

respectively, revealing the uniformity of the two phases and surface morphology of the sample at 

the nanoscale. All hybrids in this series are also fully x-ray amorphous as expected (Figure S10), 

since they also undergo sol-gel condensation process.  

To confirm that we can control the size of silica particles, SEM and EDX studies have been 

conducted as shown in Figure S11. As observed, the representative size of single silica NPs (not 

their aggregates) in hybrid 2GPTMS:8TEOS and 4GPTMS:6TEOS reach 300-400 nm, while those 

in hybrid 6GPTMS:4TEOS and 8GPTMS:2TEOS are around 100 nm. For the hybrid 

10GPTMS:0TEOS, the silica NPs are much smaller and uniformly dispersed in the material.  
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Figure 4. (a) Composition dependence of density of yGPTMS:zTEOS hybrids, pure PTHF, and 

pure silica glass. (b) Solid state 29Si CPMAS NMR spectra of yGPTMS:zTEOS hybrids. (c) Height 

and (d) phase AFM images of the 2GPTMS:8TEOS hybrid. (e) Stress-strain curves of 
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yGPTMS:zTEOS hybrids from compression test. (f) Composition dependence of modulus of 

toughness and Young’s modulus for yGPTMS:zTEOS hybrids. 

 

As to the mechanical properties, we first consider the results of the compression tests. As shown 

in Figure 4e, the stress at failure of the hybrids decreases with the decrease of GPTMS, for example 

2.34 MPa for 10GPTMS:0TEOS and 0.75 MPa for 2GPTMS:8TEOS. On the other hand, the 

conventional strain to failure features only minor differences (within the range of 32 to 37%). 

Toughness and Young’s modulus, as calculated from these stress-strain curves, follow the same 

trend as stress with the change in composition (Figure 4f). Thus, stress at failure, toughness, and 

Young’s modulus highly depend on the size of the silica nanoparticles in the hybrid, while the 

deformation ability (ultimate strain) appears to be largely related to the polymer content. Smaller 

silica nanoparticles give rise to more uniform dispersion in the system, which increases the 

possibility of sufficient intermolecular interactions between –Si-O bond in inorganic network and 

–C-O-C bond of polymer chains. In this way, stronger hybrids can be obtained for much smaller 

silica nanoparticles in the system, while hybrids with more ductile deformation can be obtained 

for higher polymer content. Such strategy involving control on both inorganic vs. organic weight 

ratios and NP sizes reveal improved properties with breakage strain of 34% and stress of 2.32 MPa. 

This is an improvement compared to previous work on similar compositions, exhibiting breakage 

strain and stress of 26% and 1.24 MPa, respectively.27   

 

MD simulation and predicting. The above experimental results were combined with MD 

simulations to better understand the deformation and fracture mechanisms of the hybrids. We 
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focused on hybrids with different I/O ratio (PTHF·xTEOS series) from the experiments, as they 

exhibited a good balance of strength and toughness. The simulations aredone using a classical 

Consistent Valence Force-Field (CVFF) potential (see Methods section in Supporting 

Information). As shown in Figure 5a, the simulated PTHF·8TEOS hybrid with a good strength-

toughness balance in experiments exhibits a fairly ductile response upon deformation at the 

nanoscale, which manifests itself by the continuous stretching and disentanglement of the polymer 

chain from the matrix upon tension. The basic structural units of hybrids with different I/O ratios 

are depicted in Figure S12, and the corresponding fracture simulations of the different hybrids are 

shown in Figure S13.  
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Figure 5. (a) Simulated fracture evolutions of PTHF·8TEOS hybrids by means of CVFF potential 

under the elongation at the strains of ε=0, 0.3, and 0.5. The simulation box has dimensions of 

around 200×100×100Å. (b) Simulated stress-strain curves of PTHF·xTEOS based hybrids. (c) 

Time-dependence of the mean squared displacement of Si atoms in PTHF·xTEOS based hybrids 

during the tensile process. Variation in the simulated potential energy of PTHF·xTEOS hybrids as 

a function of the applied strain, as decomposed into (d) non-bonded and (f) bonded energy. 

As the utilized CVFF potential does not allow for explicit bond-breaking processes, we have 

validated this approach through a similar tensile fracture simulation of PTHF·8TEOS hybrid using 
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a reactive (ReaxFF) potential, which accounts for bond-breakage and bond-formation processes. 

Overall, this reactive simulation confirms the tensile simulation of the CVFF simulation (see 

Figure. S14). In detail, due to the higher computational cost of the ReaxFF simulation, we have 

reduced the simulated system size by 20% compared to that of CVFF, i.e., it consists of 20 

structural units. Interestingly, despite the reactive nature of ReaxFF, the structural units of the 

hybrids persist during the tensile process, indicating that the failure of the hybrids is indeed 

attributed to the disentanglement of the polymer chains rather than their breakage (see Figure 

S14a). When comparing the stress-strain responses based on these two types of simulation 

potentials, we find that both predict the nanoductile features of the hybrids. Additionally, good 

agreement between the predicted maximum stress and corresponding strain by the two potentials 

is observed (Figure S14). Therefore, we adopt the CVFF potential for the following simulations 

as it allows for larger system size and longer time scales. 

To further understand the effect of the I/O ratio on mechanical properties and also investigate the 

role of the polymer repeating unit, we include comparison of PTHF·xTEOS and PTHP·xTEOS 

hybrid series in the MD simulations. Peaks in the simulated pair distribution functions of the 

PTHF-SiO2 and PTHP-SiO2 hybrids at intramolecular-atomic distances of 0.95, 1.10, 1.45, 1.53, 

and 1.60 Å are attributed to the O-H, C-H, C-O, C-C, Si-O pairs, respectively, corresponding to 

those of covalent bonds (Figure S15). Therefore, the short-range structures (first coordination 

shell) of the different hybrids are fairly similar. The simulated stress-strain curves of PTHF·xTEOS 

and PTHP·xTEOS hybrid series are presented in Figure 5b and Figure S17, respectively. We 

observe that all the hybrids exhibit a ductile response upon tension at the nanoscale, which is 

attributed to the high covalent bond strengths and possibility for structural rearrangements. The 

maximum stress increases with an increase in the content of the SiO2 nanoparticles for both 
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PTHF·xTEOS (Figure 5b) and PTHP·xTEOS (Figure S17) hybrids, which echoes the experimental 

observations of SiO2 strengthening shown in Figure 3b. Interestingly, the strain at the maximum 

stress (yield stress) is constantly around 10% for all samples. As shown in Figures 5c and S16, the 

averaged mean squared displacement of Si atoms decreases at the early-stage of tension (i.e., for 

strain <20%) with an increase of the TEOS amount, indicating that the hybrids are more rigid when 

they are constructed as higher SiO2 content. We also notice that the evolution of potential energy 

terms (i.e., bonded term and non-bonded term) exhibit different trends upon tension (see Figures 

5d, 5e and S18). That is, the non-bonded term consisting of Van der Waals and Coulombic terms 

exhibits much larger changes compared to the bonded term, which further confirms that the 

deformation and fracture of the hybrids is controlled by the intermolecular interaction, i.e., the 

slippage and disentanglement of the polymer chains. The strengthening mechanism can be 

attributed to the fact that the existence of SiO2 nanoparticles in the hybrids can effectively block 

the motion of polymer chains upon deformation.  

The effects of TEOS content (i.e., I/O ratio) for the two different repeating unit of polymer chains 

(PTHF vs. PTHP) on the mechanical properties of the simulated hybrids are summarized in Figure 

6. As shown in Figure 6a, density increases with an increase in the TEOS amount for both hybrid 

series, but the density of the PTHF·xTEOS hybrid series is always higher than that of 

PTHP·xTEOS for each value of x. That is, density decreases with the ratio of -C-O- to C-C bonds. 

This trend agrees well with the experimental results shown in Figure 3d. The simulated Young’s 

modulus, shear modulus, and maximum (yield) strength also exhibit the same trend as the 

experimental results (see Figures 6b-d), indicating the transition from rubber-like to glass-like 

behaviour with increasing size and fraction of SiO2. Despite reproducing the qualitative trends, we 

also note that the simulated strength and modulus values are systematically higher than the 
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experimental ones, which can be attributed to the following reasons: (i) the polymer chain lengths 

in the experimental samples exhibit a broad distribution, but they are simplified as a mono-

dispersed length in the simulations; (ii) defects exist in the experimental specimens, while the 

simulated structures are ideally flawless; (iii) the strain rate in the loading simulation is much 

higher than that in the experiments. In the meantime, it is noted that mechanical performances of 

both Young’s modulus and tensile strength for the PTHF-SiO2 hybrid are better than those for the 

PTHP-SiO2 hybrid. This can be attributed to the improved intermolecular interactions of PTHF-

SiO2 relative to PTHP-SiO2 due to the higher amount of the more polar C-O functional groups 

(with stronger dipole moments) relative to C-C groups. Moreover, the MD simulations also reveal 

that van der Waals interactions are found to be the main contribution of non-covalent interactions 

in the hybrids compared with Coulombic interactions (Figure S19). Given the comparable stress-

strain curves obtained from CVFF and ReaxFF potentials, the simulated values are also in 

agreement with the existing literature data for similar systems.33, 35, 51 Overall, the simulations thus 

confirm that the content of SiO2 nanoparticles plays an important role in controlling the mechanical 

properties. 
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Figure 6. Composition dependence of simulated (a) density, (b) Young’s modulus, (c) shear 

modulus, and (d) maximum tensile stress for PTHF·xTEOS and PTHP·xTEOS series of hybrids.  

 

Biocompatibility and cell growth. In addition to showing promising mechanical properties for 

applications within bone regeneration and tissue repairing, such hybrid materials also need to 

exhibit cyto-compatibility for promoting osteogenic cell attachment.8, 13 First, we have investigated 

the cytotoxicity of the two experimental series of hybrids. Based on the ISO 10993 standard, the 

materials are considered non-cytotoxic if the cell viability is higher than 70% compared with 

blank.14, 52 As can be seen in Figure 7a for the PTHF·xTEOS (x increases from left to right) and 

yGPTMS:zTEOS (y:z decreases from left to right) experimentally produced hybrids, the cell 
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viabilities are all above 70%, ranging from 83%-90% compared with control group, demonstrating 

the non-cytotoxicity of these hybrids. They are thus promising candidates for further cell 

attachment, proliferation and even in vivo studies. To this end, we next determined the bone cell 

(MC3T3-E1) attachment of the hybrid materials by immunohistochemistry and confocal 

microscopy measurements after culturing the cells for 72 h.22, 27 As seen from the DAPI nuclear 

counter staining method results in Figure 7b for the PTHF·8TEOS hybrid, cells are well attached 

on the material, demonstrating biocompatibility of hybrids and potential for growth of bone cells. 

Finally, we studied the cell proliferation possibility on the hybrids via the ToX8 method. Bone 

cells cultured on PTHF·xTEOS and yGPTMS:zTEOS hybrids are compared with control groups 

in Figures 7c and 7d, respectively, through determining optical density (OD) values.53 The cells 

seem to have better growth on hybrids relative to the control, demonstrating that these 

biocompatible hybrids possess excellent performance for promoting MC3T3-E1 cell growth. This 

could be because the silica networks can offer enhanced cell recognition sites, and further improve 

the cell attachment and growth.27 After culturing for 3 days, the cell number increases in samples 

with higher content of inorganic component, which might be because the uniform dispersion of 

inorganic-organic phases and adequate cross-linking networks help promote cell proliferation. 

Thus, based on these results, the PTHF-SiO2 based hybrids reveal the necessary mechanical and 

biomedical properties for acting as desirable bone repair scaffolds. 
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Figure 7. (a) Assessment of cell viability of hybrids by ToX8 metabolic activity assay following 

ISO 10993 standards; (b) Immunohistochemical staining of the nuclei of MC3T3-E1 cells cultured 

on PTHF·8TEOS hybrid; (c-d) Cell proliferation of MC3T3-E1 cells on (c) PTHF·xTEOS and (d) 

yGPTMS:zTEOS hybrids after culturing for 3 and 7 days.  

 

CONCLUSIONS 

Based on the experiments and MD simulations performed in this study, non-covalent 

intermolecular interactions are found to play an important role in controlling the deformation and 

fracture of inorganic-polymer hybrid materials. By decreasing the silica nanoparticle size and 

increasing the fraction of C-O bonds in polymer chains, the interactions between polymer chains 
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and silica networks can be enhanced. Importantly, by further controlling the total I/O ratio the 

important balance of the toughness and strength can be tailored. Namely, the hybrid PTHF·8TEOS 

achieves a balance between these otherwise conflicting performances, showing 31% of 

compressive deformation, 1.75 MPa of stress at breakage and 219 kPa of toughness. Moreover, 

the prepared hybrids all show non-cytotoxicity and the ability to support cell attachment as well 

as cell proliferation in the in vitro studies. These insights suggest the potential use of especially 

the PTHF·8TEOS hybrid material for engineering applications such as tissue scaffolds and soft 

robotics. 

 

 

 

EXPERIMENTAL METHODS 

Materials. Tetrahydropyfuran (THF), (3-glycidoxypropyl) trimethoxysilane (GPTMS), boron 

trifluoride-diethyl ether (BF3•OEt2), tetraethylorthosilicate (TEOS), acetic acid glacial ≥99.7%, 

and HCl (36 wt%) were all purchased from Sigma-Aldrich and used as received. Cell culture 

reagents were purchased from Invitrogen and Sigma-Aldrich UK. MC3T3-E1 preosteoblast cell 

line (ATCC, UK) was cultured in basal α-MEM supplemented with 10% (v/v) FCS (fetal calf 

serum) and 1% (v/v) penicillin. Cultures were maintained in a humidified atmosphere at 37 °C, 

5% CO2, and 21% O2. Cells were passaged upon confluence using 500 μg/mL trypsin-EDTA 

(ethylene diamine tetra-acetic acid). 
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Synthesis of inorganic sol. SiO2 was prepared via hydrolysis process. TEOS, deionized water, 

and 36 wt% hydrochloric acid (12 M HCl) were mixed with the molar ratio of 1:3.6:0.01. The 

completion of the reaction was confirmed when the mixture turned from cloudy to clear. 

Synthesis of hybrids. The organic precursors were prepared based on an established procedure 

using HAc as a terminator,15 and then mixed with the inorganic sols based on the pre-calculated 

THF, GPTMS and TEOS compositions. The mixtures were transferred into 

polytetrafluoroethylene molds and sealed for aging for 1 week at 40 ℃. Afterwards, the lids were 

removed gradually to allow drying for the following three weeks at the same temperature. Finally, 

disc-shaped samples were recovered from the molds and used for characterization. All samples 

were immersed in distilled water for 5 min and followed by filtration to remove any unreacted 

monomers and water-soluble by-products. 

Structure characterization. Fourier-transform infrared (FT-IR) spectroscopy was performed 

to determine the functional groups in the inorganic bulk samples as well as the final hybrids by 

using a Bruker TENSOR II spectrometer with a Bruker Platinum attenuated total reflectance 

attachment, in the range of 4000 to 400 cm-1. All spectra were compiled from 64 consecutive scans 

and were baseline corrected using the vendor-supplied software OPUS.  

To determine the final inorganic vs. organic (I/O) weight ratio in the hybrids, thermal gravimetric 

analysis (TGA) was performed on a STA 449C (Netzsch) instrument. The hybrid samples were 

cut into small pieces and heated under a flow of air at the rate of 10 °C min−1, from room 

temperature to 800 °C. The recorded weight loss could be ascribed to the combustion of the organic 

phase. The silica nanoparticles’ size and element distribution in the hybrids were tested by 

scanning electron microscopy (SEM) using a Zeiss Gemini SEM 500 instrument at 5 kV/10 μA. 
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To confirm the non-crystalline structure of the hybrid materials, X-ray diffraction (XRD) analysis 

was carried out on pulverized samples at 2θ angles from 5° to 80° using a Panalytical Empyrean 

diffractometer with Cu-Kα-1 radiation source and Ni-filter.  

Atomic force microscopy (AFM) measurements were carried out to determine surface morphology 

and phase images of hybrids. The measurements were performed with an NTEGRA Aura AFM 

(NT-MDT, Russia) instrument, operating in tapping mode using HA_HR (ScanSens, Germany) 

cantilevers. 

29Si magic-angle spinning (MAS) NMR were conducted for confirming the silica structures in the 

hybrid materials. The data were collected with an Agilent DD2 spectrometer in conjunction with 

an Oxford 4.7 T widebore superconducting magnet, with a 29Si resonance frequency of 39.70 MHz.  

Samples were powdered and loaded into 5 mm zirconia rotors with sample spinning of 5.0 kHz.  

Spectra were acquired using a π/6 tip angle of 2.7 µs, a recycle delay of 180 s, averaging of 400 

to 1900 scans and with high-power 1H decoupling during signal acquisition. 1H → 29Si cross-

polarization magic-angle spinning (CPMAS) NMR measurements were made on the same 

instrument with contact time of 3 ms between the spins, recycle delay of 5 s and signal averaging 

of 40000 to 80000 scans. All 29Si NMR data were processed with 25 Hz apodization, referenced 

to tetramethylsilane (TMS) at 0.0 ppm, using the GRAMS Spectroscopy Software Suite (Thermo 

Fisher Scientific) to plot and fit the spectra. 13C MAS NMR measurements were made at 47 T 

(50.25 MHz resonance frequency) using an Agilent DD2 spectrometer and Oxford wide-bore 

superconducting magnet. Powdered samples were packed into 5 mm zirconia rotors, with sample 

spinning of 7.0 kHz. 1H decoupled 13C MAS NMR data were acquired by the combination of a π/6 

tip angle (2.0 µs), with a delay of 60 s between scans and signal averaging of 1000 to 2000 scans. 

13C NMR data were processed with 10 Hz line broadening and referenced to TMS at 0.0 ppm. 
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Plotting and spectral analyses were done in the GRAMS software package. 1H MAS NMR data 

were collected at 4.7T (199.82 MHz resonance frequency) using a 5mm MAS NMR probe and a 

background suppression pulse sequence.  A calibrated π/2 pulse width of 4 µs was immediately 

follow by two π pulses (8.0 µs each), and 64 acquisitions were made using a 5s recycle delay.  1H 

MAS NMR data were referenced to TMS at 0.0 ppm and processed without any additional line 

broadening. 

Property characterization. Density measurements on the hybrid samples were conducted 

through Archimedes principle, through the following equation, 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝜌𝜌𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎×𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑎𝑎𝑎𝑎𝑎𝑎

𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑎𝑎𝑎𝑎𝑎𝑎 −𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎           (1) 

Here, 𝜌𝜌𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  is the density of absolute ethanol, 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑎𝑎𝑎𝑎𝑎𝑎  is the weight of sample in air, and 

𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the weight of the sample upon immersion in ethanol.  

Compression tests were performed using a Zwick Z100 universal testing machine equipped with 

a 100 kN load cell at room temperature. Samples were punched into cylinders with a diameter of 

10 mm and a length of 5 mm. The crosshead speed was set to 1 mm min-1. Tensile tests were 

performed using a Linkam TST350 tensile testing stage equipped with a 200 N load cell at room 

temperature. For these measurements, the hybrid samples were cut into rectangular shapes with a 

length of 30 mm, a width of 10 mm, and a thickness of 2 mm, and the crosshead speed was set to 

2mm min-1. Modulus of toughness (U) and Young’s modulus (E) were evaluated through the area 

under the stress-strain curves and the slopes of the initial linear elastic portion of the stress–strain 

curve, respectively. Finally, dynamic mechanical analysis (DMA) was carried out using TA 
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Instruments DMA 850. The experiments were performed in compression mode with an amplitude 

of 20 µm, with the frequency varied in the range from 0.01 to 10 Hz at room temperature. 

Micro-indentation measurements were performed using a Nanovea CB500 hardness tester to 

determine the hardness (H). Vickers indentations with a maximum load of 0.02 N were generated 

to determine H, with a loading duration and dwell time of both 10 seconds. The loading and 

unloading rate were both 0.2 N min-1. Measurements were performed under laboratory conditions 

(temperature: 23 °C; relative humidity: ~36%). Then hardness was calculated from the force-

displacement curves using the Oliver-Pharr model54, 55. 

Cytotoxicity Test. In vitro cytotoxicity of the hybrids were evaluated based on ISO 10993 

standard. Hybrids were immersed in α-MEM (0.2g/mL) and stored in incubator for over 72 h. The 

extract liquid was filter serilized and supplemented with 10% (v/v) FBS prior to use in further 

tests. MC3T3-E1 cells were first cultured with basel α-MEM media and seeded on 96-well plate 

at 104 cells per well, and then left to grow in incubator for 24 h. Afterwards, the media was removed 

and incubated with α-MEM media (control group) and extracts of hybrids for another 24 h. The 

media was then removed and replaced with ToX-8 dilution in α-MEM media and incubated for 

another 4 h. The cell viability and optical denstity (OD) are measured by ToX8 method according 

to the manufacturer’s instructions. The OD was measured spectrophotometrically at 600 nm and 

690 nm using a microplate reader. The relative cell viability (%) was calculated as follows:  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (%) =
[A]test

[𝐴𝐴]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100 

Cell proliferation: Hybrids were all sterilized with EtOH for over 30 min and washed three times 

with PBS solution . Then, hybrids were immersed in PBS solution and put under UV light 
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overnight. After pretreatment, the cells were cultured on 24-well plates and hybrids with basel α-

MEM media at 5000 cells per well. The media was changed every second day. After 3 and 7 days 

of incubation, media was removed and replaced with ToX-8 dilution in α-MEM media and 

incubated for another 4 h. The optical density was measured spectrophotometrically at 600 nm and 

690 nm using a microplate reader.   

MD simulations. To understand the atomistic deformation and fracture mechanisms of the 

hybrid samples, MD simulations were carried out. All the simulations were performed using 

LAMMPS software with GPU-accelerated package, and visualization of the atomic snapshots was 

done using the OVITO package. During the simulation, periodic boundary conditions were applied 

in all directions. The atomic interactions of hybrids were described using the classical Consistent 

Valence Force-Field (CVFF) potential.56 For comparison and validation, we also applied the 

reactive force field (ReaxFF)57 at a smaller system size (fewer number of total atoms) to simulate 

the mechanical response. These two force fields have been widely applied in simulating structure 

and mechanical properties of polymers and inorganic materials.58, 59 The motion of atoms was 

integrated using the velocity-Verlet algorithm with a timestep of 0.5 fs.  

First, we prepared the basic unit of the hybrids, i.e., one polymer chain linked to a SiO2 

nanoparticle through GPTMS. To enable qualitative comparison with the experiments, we selected 

THF and THP as the monomer unit (MU) to vary the chain length. Each polymer chain consisted 

of 56 MUs. The SiO2-to-polymer molar ratio was set to 0, 2, 4, 8, and 16, respectively, 

corresponding to a growing size of the SiO2 nanoparticle. Note that each basic unit of the hybrids 

consisted of >700 atoms (Figure S12). We then randomly placed 100 basic units (20 basic units 

for the ReaxFF system, which is more computationally expensive) into a cubic box using the 

PACKMOL package.7 These systems were compressed into a densified matrix under NPT 
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ensemble at 300 K and 1 GPa for 200 ps, which yielded a density close to the experimental value. 

Afterwards, the system was equilibrated at 500 K in the NVT ensemble for 100 ps, and gradually 

cooled to 300 K at a cooling rate of 0.2 K ps-1 in the NPT ensemble at zero pressure. The resulting 

configurations were subsequently relaxed at 300 K for 120 ps to ensure the convergence of density 

and potential energy. The structure of hybrids was characterized using pair distribution function, 

describing the probability of a pair of atoms at a given distance.  

The elastic properties of the hybrids were determined by stepwise deforming the atomic hybrid 

models for a strain step of 0.0005. This was applied for both uniaxial and shear deformation. After 

each deformation step, the structure was subjected to an energy minimization and the 

corresponding pressure in the deformation direction was extracted. Then, the stiffness matrix was 

obtained through the slope of the linear part of the stress-strain curve. Based on the stiffness matrix, 

Young’s modulus and shear modulus were determined as described elsewhere.60 The deformation 

and fracture behavior of the hybrid systems were investigated through uniaxial tensile simulation. 

To this end, we first duplicated the orthorhombic configuration in the x-direction so that the 

deformation was applied to the longest direction. Before deformation, the resulting structures were 

dynamically equilibrated in the NPT ensemble at 300 K and zero pressure for 100 ps to remove 

internal stresses. Then, a constant strain rate of 5 × 1010 s-1 was applied along the x-direction, while 

the system was maintained at 300 K in the NVT ensemble. During the deformation, all the atoms 

were forced to move in an affine transformation way, i.e., the coordinates of the atoms were scaled 

along with box deformation. The stress component in the x-direction and corresponding strain were 

recorded to construct the stress-strain curve until the system reached a maximum strain of 50%. 

During the tensile process, the motion of Si atoms in the hybrids was studied by calculating the 

mean squared displacement (MSD) of each Si atom, 
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MSD𝑖𝑖(𝑡𝑡) = ∆𝑟𝑟𝑖𝑖2(𝑡𝑡) = 〈|𝑟𝑟𝑖𝑖(𝑡𝑡 + 𝜏𝜏) − 𝑟𝑟𝑖𝑖(𝜏𝜏)|2〉,       (2) 

where ri(t) is the position of the ith atom at time t and the brackets represent the averaging over 

multiple time origins (τ). 
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