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1. Computational Methods 

2 x 2 nm2 graphene oxide (GO) models with different compositions, i.e., varying 

functional group ratios while maintaining a constant 70% degree of oxidation, were prepared 

utilizing the proposed Monte Carlo-based Rosenbluth sampling algorithm as presented 

elsewhere1, 2, which accounts for the stochastic oxidation process involved during sample 

synthesis1, 3. Then, the generated models were subjected to a simulated, molecular mechanics 

(MM) based, displacement controlled tensile experiment by applying uniaxial strain tension 

along the armchair direction (i.e., tensile strain was applied in the armchair direction, with the 

zigzag direction atoms held fixed). Simulations were performed in CP2K 

(https://www.cp2k.org/) utilizing the mio-0-1 Slater-Koster parameter set and charge self-

consistency4, as implemented. Charges were treated utilizing a smooth-particle mesh Ewald 

(SPME) summation, with one grid point per Å. The Ewald convergence parameter was set to 

0.35, and a cutoff radius of 10 Å for the real-space forces was used.  Displacements of the unit-

cell boundaries were prescribed utilizing 0.5% strain increments between strain steps. Geometry 

optimizations were performed between steps. Stress measures were obtained by calculating virial 

stresses according to the virial theorem, as implemented in CP2K.  

Further supporting simulations (with specific functional group ratios but varying degrees 

of oxidation) performed for validation and completeness are subjected to three different 

displacement controlled conditions: uniaxial strain tension along the i) armchair (i.e., tensile 

strain was applied in the armchair direction, with the zigzag direction atoms held fixed) and ii) 

zigzag directions, and iii) equibiaxial strain tension. Simulations were performed by following 

the same method outlined previously. 
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In addition to DFTB simulations, we also applied density functional theory (DFT) 

calculations to verify the DFTB method (see Supplemental Section 2). All the DFT calculations 

in this study were performed using the plane-wave-based Vienna Ab-initio Simulation Package 

(VASP)5, 6. Projector augmented waves (PAW)7, 8 were used to represent ionic cores, and the 

electronic kinetic energy cutoff for the plane-wave basis describing the valence electrons was set 

to 520 eV. A 5 × 5 × 1 k-point mesh was used for calculations. 

 

2. Validation of DFTB theory based on DFT results 

Due to the large number of systems of interest in this study, simulations that rely on a high 

level of theory such as DFT would become prohibitively expensive. Instead, and to circumvent 

this challenge, we opted to utilize a DFTB approach to both quickly and accurately screen the 

material space accessible to GO (wherein multiple chemical compositions can exist for a given 

degree of oxidation), and extract material properties of interest. To validate the DFTB approach, 

we compared the in-plane stress-strain behavior of a specific GO sheet with a single epoxide 

functional group. Our main focus during this exercise was to examine the accuracy of DFTB as 

compared to DFT in predicting mechanical properties (e.g., Young’s modulus and strength) and 

deformation mechanisms (e.g., epoxide-to-ether transformations) of the same model system. It is 

important to note that DFTB has been previously shown to compare favorably with experiments2, 

4, 9, 10.  

As shown in Figure S1, DFT and DFTB are comparable and capture critical deformation 

mechanisms present in the system. For instance, Figure S1a shows a load drop for both DFT and 

DFTB, corresponding to an epoxide-to-ether transformation of the functional group in the 

material, albeit at different stress levels. The strength, failure strain and failure mechanisms 
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along the armchair (Figure S1a) and zigzag (Figure S1b) directions are similar for the case 

considered. 

 

Figure S1. (a-b) Stress-strain response comparison between density functional theory (DFT) and 
the density functional-based tight binding (DFTB) method for a 1 x 1 nm2 graphene oxide 
system along the (a) armchair and (b) zigzag directions. 

As noted in the article, for all the properties of interest in our study (i.e., Young’s modulus, 

strength, toughness), DFTB shows a consistent stiffening of the system when compared to DFT. 

This is not surprising based on previous reports on carbon nanomaterials that rely on DFTB 

calculations9 and the assumptions made to enhance the efficiency of the method10. Nonetheless, 

and given the reasonable agreement between DFT and DFTB in terms of mechanical properties 

and deformation mechanisms observed in the material, and the good agreement with 

experimental findings, we opted to utilize DFTB for our study to benefit from the computational 

efficiency afforded by the method for the large number of simulations performed in this study. 

3. Analysis of mechanical properties 

After obtaining the stress-strain response of various GO sheets utilizing the DFTB molecular 

mechanics simulations employed in this study, we extracted various mechanical properties of 
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interest from the system. To extract linear elastic properties (e.g., Young’s modulus), we 

obtained estimates for the material elastic constants. Based on previous theoretical and 

experimental studies, we assume that the material is isotropic linear elastic such that the 

following relationships hold: 
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where E is the elastic modulus of the system, and C11 and C12 are elastic constants. 

 For each of the uniaxial strain tension results obtained in this study, a set of elastic constants, 

C11 and C12
 was determined through least-squares fitting of the initial part of the stress-strain 

curves (i.e., low-strain regime). The two obtained constant determine an elastic modulus along 

the strained direction independently. Non-linearities in the stress-strain curves at small strains 

arise mainly from increasing waviness in the system as the degree of oxidation increases, 

intrinsic in the sheet due to their highly oxidized nature. To alleviate this artifact, stress-strain 

curves were linearized according to regions where the tangential slope became stable and shifted 

horizontally such that the linear extrapolation of the curves passed through the origin. 

The toughness (Γ) of GO was computed by integrating the stress-strain curve according to 

the definition: 
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Integration of the stress-strain curves was performed using the trapezoidal rule on the as-

obtained data set. 
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4. Mechanical properties of GO as a function of composition 

To understand the mechanics of graphene oxide as a function of its composition, various 

models with a 70% degree of oxidation and varying epoxide-to-hydroxyl functional group ratio 

were generated in this study, as previously discussed. Representative stress-strain curves for the 

generated models are shown in Figure S2 (obtained by performing uniaxial tensile strain along 

the armchair direction), capturing the general behavior of the material.  

Consistent with the main findings of this report, as epoxide content was increased (i.e., δ 

increased), the ductility (represented by strain to failure) and toughness of the system increased 

while maintaining material strength and Young’s modulus approximately constant. It is 

important to note that while the strain burst associated with epoxide-to-ether transformations is 

not present for all stress-strain curves (see Figure S2, in particular, the cases for δ = 0.50 and 

0.75), the transformation does occur before the first load drop as observed by tracking the atomic 

positions of the system. In general, as δ increases, GO tends to become more ductile and display 

hardening behavior, consistent with previous reports2, 11 and the observations made in this study. 

The models utilized for generating the stress-strain curves in Figure 1 of the main text, i.e., 

hydroxyl- and epoxide-rich GO sheets, were also subjected to equibiaxial strain tension and 

uniaxial strain tension along the zigzag direction, to show the generality of the observations 

made in this report. Figure S3a and Figure S3b show the stress-strain response of hydroxyl- and 

epoxide-rich GO to uniaxial strain tension along the zigzag direction and equibiaxial strain 

tension, respectively. In general, the behavior of hydroxyl-rich GO remains brittle independent 

of the loading condition. 
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Figure S2. Representative stress-strain curves for graphene oxide sheets with a 70% degree of 
oxidation and varying epoxide-to-hydroxyl functional group ratio, δ. 
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Conversely, epoxide-rich GO is shown to be ductile independently of the loading conditions 

applied. It is important to note that the strength of GO appears to be substantially lower during 

equibiaxial strain tension due to the complicated stress state imposed in the material, which is 

typical for most materials. 

 

Figure S3. Representative stress-strain curves for hydroxyl- and epoxide-rich graphene oxide, 
tested in (a) uniaxial strain tension along the zigzag direction and (b) equibiaxial strain tension. 

The spatial distribution of functional groups can also be thought to affect the material 

properties of the system. To verify this effect, and as discussed in the manuscript, five GO sheets 

were tested for this particular study at each degree of oxidation, for each chemical composition. 

Table S1 shows a representative set of properties for a system with a 70% degree of oxidation 

and a 1:1 epoxide:hydroxyl functional group ratio (i.e. δ is 0.5). Since the magnitude of the 

standard deviation is small when compared to the magnitude of the properties themselves, it is 

possible to consider the spatial distribution of functional groups in GO as a second-order effect. 

This is further reflected by the fact that similar effects are observed for calculations where the 

degree of oxidation is the same, but chemical composition is significantly different. 
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Table S1. Mechanical properties for GO sheets with a 70% degree of oxidation and a 1:1 
epoxide:hydroxyl functional group ratio, with different functional group spatial distributions. 

System Elastic Modulus (GPa) Strength (GPa) Toughness (GJ/m
3
) 

1 253.4 20.7 1.46 
2 285.1 26.5 1.60 
3 287.3 22.5 1.74 
4 264.8 23.2 1.60 
5 271.9 24.8 1.58 

 

5. Study on the bond strength of functional groups in GO 

As part of our analysis, due to discovering that the strength of GO at a given degree of 

oxidation is seemingly independent of the composition of the material, we investigated the 

influence of different functional groups in the strength of GO.  

 

Figure S4. Graphene oxide models with one bond type per system. Models were used to study 
the effect of bond type in the strength of a graphene backbone, as shown in Figure 5 of the 
manuscript. 
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An analysis of the microstructure of GO revealed the presence of four combination of 

functional groups, which we define as “bond types”, which may determine material strength. To 

isolate the effect of these functional groups in material strength, we constructed representative 

GO structures functionalized with only one of these combinations of functional groups – i.e., 

bond types – and applied uniaxial tensile strain along the armchair direction to simulate a 

mechanical experiment. The data obtained from this study is shown in Figure 5 of the 

manuscript, and the atomistic structures used to perform this study are shown in Figure S4. 
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