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Abstract

Hydration of graphene oxide (GO) is an important process for most of areas planning to use it
in practical applications. This process is described in this work by molecular dynamics
atomistic simulations for seven different models for GO at different levels of oxygenation.
Two charge models for GO were considered: a simplified one, where sp? carbons were treated
as LJ uncharged sites and another with charges at all sites obtained by the CHELPG scheme.
We observed that the structural properties suffer little or no effect in relation to the charge
model, on the other hand the energetics is much more sensitive. Our model employing
CHELPG charges shows that the simplified model tends to overestimate the GO/water
interaction energy. For all of the investigated systems, hydration free energy values are in the
range of -5 to -45 kJ mol™ indicating that hydration is a favorable process for all investigated
systems. The results presented here is relevant in the context of several applications, such as
the use of GOs as electrodes in supercapacitors or inhibitors in processes involving biological
molecules.
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Introduction
Graphene oxide (GO) has been considered a convenient substitute for graphene in important
technological applications due to its remarkable electrical, mechanical and thermal
properties’™. The advantages of GO in relation to pure graphene are due to the drastic
structural and electronic changes resulting from the functionalization of graphene with
oxygen groups.*™°

It is well known that the detailed atomic structure of GO is very difficult to obtain since
this material is non-stoichiometric, presenting a wide variety of compositions which depend
inherently on the route of synthesis.> *** In addition, GO is strongly hydrophilic,
hygroscopic and thermally unstable at intermediate temperatures (60-80°C).>*'* All this
makes the controlled synthesis of this material very difficult and the exact composition for
each degree of oxidation uncertain and strongly dependent on the countless possible
combinations for oxygen coverage. These combinations are related to the concentration of
oxygen on the surface, defined by the O/C ratio, the epoxy/hydroxyl ratio, the edge functional
groups and, lastly, the uniformity and regularity of the distribution of the groups on the basal
plane.5'14' 15
Unlike pristine graphene, GO shows a better solubility in water due to functional epoxy
and hydroxyl groups that functionalize the basal plane. It is generally expected that the
interesting properties of GO, in particular its water solubility, will depend significantly on the
degree of graphene oxidation. Most works on graphene oxide applications either treat only a
single composition for GO or, when varying their composition only discuss inherent structural
or electronic properties. However, it is possible to find some works where applied properties
of GO are considered according to the degree of oxidation of the GO. Supercapacitors based

on GOlionic liquids have been investigated by molecular dynamics simulations.® *° It has



been observed that both the quantity and the type of oxygen-containing functional groups on
the graphene surface can influence supercapacitor performance due to specific interactions of
ions with GO functional groups and resulting local ion concentration changes near the GO
electrode.® Mu and colleagues investigated the dependence of the thermal conductivity of GO
with coverage rate of oxygen groups and observed that the thermal conductivity decreases as
the concentration of oxygen increases.*’ In that work a conductivity variation was observed in
a range of five orders of magnitude, showing an enormous tunability which is highly desirable
for the production of efficient thermoelectric materials.'” Water fast slip flow and wettability
properties on GO surface were investigated by molecular dynamics in function of oxidation
degree.'® ** A significant flow rate enhancement, by more than two orders of magnitude,
relative to pristine graphene, was observed in nanoconfinement in GO.*® In addition, the
hydrophilicity promoted by oxygen-containing groups on graphene leads to a decrease in
contact angle with increasing concentration.™

Solubility in water is certainly one of the most relevant requirements for any candidate
system for biomedical applications. For GQO’s is even more relevant since this material
presents unique geometry that favors hydrophilic interaction with water and/or biomaterials
on both sides, which facilitates access for covalent and non-covalent functionalization in
addition to efficient loading of molecules, from small organic ones to biomacromolecules.* 2*
* In this work we will investigate how the hydrophilic character of GO is affected by the
increase of the concentration of oxygen groups through atomistic simulations of molecular
dynamics. For this we will investigate in detail its structure, interaction with water as well as

the thermodynamic hydration through calculations of the hydration energy free.



Simulation Details

It is widely accepted that graphene oxide basically consists of epoxy and hydroxyls groups
adsorbed on a basal carbon plane.® The ratio between of the number of carbon and oxygen
atoms in the sample defines the oxygen coverage ratio, R; that is R =100 % cO/cC.
Although from a theoretical point of view the proposed models assert that such functional

5, 14, 15

groups distribute in an orderly manner, more recent measurements indicate that

amorphous models of GO are the ones that best describe the experimental results.> ** *°
In this work the properties of hydration of the GO’s will be investigated as a function of
the oxygen coverage ratio in a fixed ratio between the number of hydroxyls and epoxy; OH/O

= 2. For this we consider seven oxygen coverage rates with R ranging from 10 to 70% (see

Figure 1) which cover all experimentally observed compositions.

Figure 1. Oxygen concentration in the graphene oxide models employed here. This
concentration is defined by the oxygen coverage rate defined by R = 100 % cO/cC, where
cO and cC are the number of oxygen and carbon in the sample, respectively.



The configurations for the GO’s at each of these concentrations were taken from the work of
Chen et al.°> These configurations were generated following rules to obtain amorphous
models, namely: 1) two functional groups can not adsorb at the same carbon site; Il) paired
hydroxyls are added to the two adjacent carbon sites, one and each side of the graphene plane;
I11) due to the steric effects, no more than four carbon atoms attached to hydroxyl groups or
five carbons attached to epoxy groups are allowed in a single six-carbon ring and 1V) the
number of groups on both sides of the basal plane should be approximately the same to
reduce strain effects. The structures generated following these rules were relaxed using
periodic first-principles DFT computations with plane-wave pseudopotential technique.’
From these structures two models were obtained: an infinite and another finite sheet of GO.
The infinite sheet was obtained by replicating the original cell from Chen® in a larger 3x2
structure and placed in a computational cell with appropriate distances x and y to ensure the
connectivity of the edges. In this case, the ketone and carboxylic groups, as well as the defects
in hole shapes, typically found on the edges of finite samples, were not considered in this
model. The finite model was generated by a smaller number of replicates of the original cell,
2x1. As our main interest here is to describe how the hydrating properties of GO’s vary with
the oxygen coverage ratio, the edges of the finite sheet were saturated by applying a united
site model to the edge carbons. This allowed us to analyze only the effect of the surface
groups (epoxy and hydroxyls) on the hydration process avoiding the drastic effects of the
highly polar groups that usually functionalizes the GO edges. Both models generated in their
respective computational cells are shown in Figure 2.

Classical molecular dynamics simulations of graphene oxide have been usually
performed employing simplified models where the carbon sp? in GO is treated as uncharged

Lennard-Jones spheres.® 9 16 18. 20,22 2530 g \yever the adsorption of epoxy or hydroxyl



groups on the surface of the pristine graphene leads to an expressive rearrangement of charges
in the carbon sheet structure, drastically altering the electrostatic character of these sites. In
order to take into account such charge redistribution in our model we calculate the partial
electric charges for each of the systems investigated here using quantum mechanical
calculations. Such electric charges were obtained in B3LYP/6-31G(d,p) theoretical level
using CHELPG® scheme on the relaxed structures for the 2x1 saturated system and then
manually transferred to larger systems 3x2 (infinite replicated sheet). Thus, taking only the
charges of the atoms of the central region of the 2x1 structure, we practically eliminate the
edge effects on the atoms of the infinite structure. The electronic structure computations were
performed in Gaussian 09, revision D.** The interaction model used to describe GO were
modeled by a CHARMM36 based force field.** Spring constants as well as sigma and epsilon
Lennard-Jones parameters were taken directly from the CHARMM36. The water molecules
was modeled using the TIP3P model.** To evaluate the effect of the induced charges on the
sp? carbon atoms (neighboring to the oxygenated sites) we also performed all the calculations
employing a simplified model. In this model, we treated all sp? carbon atoms as uncharged LJ
sites while the partial charges on the other atoms were taken as an average value over all
charges (see SI) obtained for the seven different systems using CHELPG scheme. Thus, the
charges for the O(epoxy), O(hydroxyl), H(hydroxyl) and C(sp®) atoms were respectively -
0.36e, -0.70e, +0.40e and +0.30e.

Two different simulation series were performed to determine the structure, energetic
and thermodynamics of the hydration of the GO’s. At the first series of simulations, an
infinite GO sheet was immersed in a periodic computational cell containing about 1500
molecules of water, which accounts for about 5000 interaction sites. The simulations were

performed in the isobaric-isothermal ensemble (constant pressure and temperature, NpT)



under conditions T = 298 K and p = 1 atm. The simulation cells were initially subjected to
energy minimization aimed at the removal of high energy contacts. Then, the equilibration
process was conducted in both boxes for 1 ns. The production stage was performed by 20 ns,
using a time step of 2 fs. Configurations of the systems were saved every 5 ps totaling 4000
frames for statistical analysis. The molecular representation a representative configuration of

a simulation cell is shown in Figure 2.
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Figure 2. At left, a representative configuration of the simulation cell used to calculate the
energy and distribution profiles of an infinite graphene oxide sheet. At right, the model used
to calculate the hydration free energy of the quantum dots graphene oxide. The model
presented is for R = 40%. The dimensions of each box are shown. Note that the x and y
dimensions of the box with the infinite sheet are accurate to ensure the connectivity of the
sheet edges through the periodic boundary conditions.

The electrostatic interactions beyond 1.2 nm were accounted for by Particle-Mesh-Ewald
(PME) method.* The Lennard-Jones interactions were smoothly brought down to zero from
1.1 to 1.2 nm using the classical shifted force technique. The constant temperature was
maintained by the velocity rescaling thermostat®® (with a time constant of 1ps), which

provides a correct velocity distribution for a statistical mechanical ensemble. The constant



pressure of 1 atm was maintained by Parrinello-Rahman barostat®” with a time constant of
2.0 ps and a compressibility constant of 4.5x10” bar™.

The second series of simulations aimed at obtaining the hydration free energy of the
GO’s. For this we use the Bennett Acceptance Ratio (BAR) method,® a slow-growth

procedure that allows the gradual decoupling of the GO from its equilibrium aqueous

dH(’l))where H is the parameterized empirical

environment by the calculation of the ( m

Hamiltonian and XA is a coupling parameter. A =1 corresponds to the fully solvated GO,
whereas A =0 corresponds to the non-interacting solute and solvent. This procedure was
divided into 31 A-states. In the first 10 states, the GO-water electrostatic interactions were
deactivated using an increment of AA = 0.1. Then the van der Waals interactions have been
turn off in the last 21 states using AA = 0.05. For the purpose of avoiding singularities, we
have used the soft-core interactions for the LJ interactions:*
Vse() = (1 = DV ([ac®2? +75]'7s)

where Vg () is the normal hard-core pair potential and o is the LJ size parameter of the atom
pair. The parameters for the soft-core were a = 0.5, p = 1.0, and ¢ = 0.3.

For every A, the systems were equilibrated during 1 ns with production stage of 5 ns
using the same simulation parameters as in the simulations from first series. The only
exception is that, for the sake of proper sampling, stochastic dynamics were used instead of

the conventional dynamics. For the Langevin thermostat we have used a friction coefficient of

1 ps™. All trajectories were propagated using the GROMACS 2016.2 simulation engine.*°

Results



The mass distribution profiles show how the water molecules distribute on the surface of the
GO'’s, see Figure 3. It can be observed that for smaller concentrations (R = 10-40%) the
waters are ordered with two clear structuring peaks before reaching the bulk. In these cases, in
addition to interaction with the polar groups from graphene epoxy, the water molecules also
interact directly with the carbon atoms of the free regions. This interaction tends to be
hydrophobic thus allowing a greater structuring of the water on the GO surface. For higher
concentrations (R = 50-70%) this behavior is still expected, however the greater number of
hydrophilic sites for interaction between the water molecules with the GO surface reduces and

displaces both the first and the second hydration peaks of the mass distribution.
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Figure 3. At left, mass density profiles of the water and grafene oxide (in kg m™) for all
concentrations R. At right, OH pairs distribution as a function of the distance z from the
surface of the graphene oxide. OW-HG represents the pair formed by water oxygen and GO
hydroxyl hydrogen and OG-HW the pair formed by GO oxygen and water hydrogen.

It is known that GO and water have a strong hydrophilic interaction governed by the mutual
formation of hydrogen bonds (HBs). The distribution of OH pairs as a function G(z) of the
distance from the surface is also given in Figure 3. As can be seen there are two clear peaks,

the first one related to the O... H distance in a hydrogen bond and the second related to the



position of the hydrogen atom of the H-bonded neighbor. The positions of both peaks, in 0.20
nm and 0.32 nm, are very close to that of the bulk water allowing to conclude that the
structure of the water adsorbed on the GO surface is similar to bulk liquid water. Although the
positions of the G(z) peaks are similar to those found in pure water, the height of the peaks
are not, in fact they are significantly smaller than the corresponding ones for the bulk water.
This is related to the lower number of HBs that water formed with GO in relation to the
number of HBs formed in bulk. This number of HBs depends not only on the R concentration
but also on the number of epoxy and hydroxyl groups, which have been chosen at random for
our systems. Thus it is not possible to obtain a clear relation between the concentration of
oxygen and the height of the peak of G(z). However, in general, we can observe that at low
oxyge concentrations (R = 10-40%) the peaks are higher and in high oxygen concentrations
(R = 50-60%) the peaks are smaller. The total number of HBs formed between water and GO
can be obtained by adding the integral of the first peak in both distribution, G(z)ow-xc and
G(2)oc-uw. This value will be analyzed later. Both mass density profiles and G(z) showed the
same qualitative behavior and only slight quantitative differences when obtained from the
simulations using the simplified model for the GO’s.

To get a better understanding of the energetics of the GO-water interaction, we
calculate the total interaction energy per area unit, see Figure 5. In these plots we decomposed
the interaction energy into its electrostatic (Coulomb) and van der Waals contributions. In
addition, we can also decompose the energy in terms of the two GO sites (C for graphene
structure and O/OH for hydrophilic adsorbed groups). In this way we can calculate the

contributions of the carbon structure separately from the contributions of the polar sites.
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Figure 5. Decomposition of the total interaction per area (in kJ mol™) between water and GO

in terms of GO sites (Carbon, in black and O/OH, in red) and also in terms of the electrostatic
components (Coul) and van der Waals (LJ).

Overall, we observed that the greatest contribution to the interaction energy between
water and GO comes from the electrostatic interaction of the hydrophilic groups (chart C) and
the van der Waals interaction of the carbon structure (chart B) for any R concentrations. As
can be seen, these two contributions together are greater than the total energy. This is possible
because there are repulsive contributions to interaction energy coming mainly from the carbon
structure. Here the models employed here has a clear advantage. When considering the
redistribution of charges on graphene after oxidation, the carbon surface has become slightly
charged so that its contribution to interaction energy is positive. The increase of this repulsive
contribution (chart A) occurs in a linear way with the concentration while that the

corresponding van der Waals energy linearly decreases (chart B). We also observed that for



low values of R the small contribution of van der Waals from O/OH groups is also positive
(Chart D). This is because at low oxygen concentrations the water molecules have a greater

proximity to the adsorbed groups, lying within the repulsive region of the Lennard Jones

model.
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Figure 6. Number of hydrogen bonds and total energy of interaction (in kJ mol™), per area
unit, between water and graphene oxide.

The total interaction energy (sum of the bars of the charts A-D from Figure 5),
normalized per unit area, between GO and the aqueous medium, are shown in Figure 5, along
with the average number of formed hydrogen bonds. A linear increase of both, number of

HBs and total energy of interaction could be expected as with other homologous systems.*" %2



However, here we observe that these averages reach a maximum in R = 40% and stop
growing, even presenting a slight decrease. This is possibly due to steric effects that prevent
the formation of a greater number of hydrogen bonds between the O and OH groups of the
GO with the water molecules. Even so, the correlation between the number of HBs and the
total energy of interaction is clear, with this varying according to the amount of HBs formed.
For the concentration R = 40% we observed an average number of 10.1 hydrogen bonds with
a total energy of interaction of -342 kJ mol™, both per unit area. Comparison between the two
models (CHELPG and average charges) reveals that while LJ interactions, as expected,
present virtually any change, the electrostatic interactions present changes that vary from 1 to
13% depending on the analyzed system. For the largest variation (R = 20%), we observed that
the average-charge model overestimates the energy of water interaction by about 36 kJ mol™
per unit area. The total number of hydrogen bonds is also significantly affected, ranging from
2% to 12%. For example, for GO with R = 30%, using the CHELPG model we found 9.1
hydrogen bonds per unit area while for the average-charge model we found 10.4 bonds per
unit area.

A good basis for the understanding of the interactions between water and GO can be
obtained, as done in the previous section, by the analysis of the interaction pairwise energies.
However we must be aware that this analysis is still somewhat superficial, taking into account
only the potential energies. For a precise thermodynamic analysis, we must take into account
not only the enthalpic aspects, related to the interaction energy between the molecular species,
but also to the entropic aspects, related to rupture of the hydrogen bond network in the bulk
water due to the presence of GO. The thermodynamic potential that takes into consideration

these aspects is the hydration free energy, AGhya.
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Figure 6. Hydration free energy per area unit (AGpyq, in kJ mol™) in function of oxygen
concentration R. Black and red bars stand for CHELPG and average charge models.

Figure 6 shows the free energy value (per area unit) for each analyzed system,
calculated using both sets of charge. In general, we observed that the AGnyq values are in the
range of -5 to -45 kJ mol™ per area unit indicating that hydration is a favorable process for all
investigated systems. However, we observe that there is no clear dependence between AGnyq
value and the oxygen concentration, R. For the CHELPG values (black bars), the highest
AGpyq value occurs for R = 60% while the lowest occurs for R = 20%. On the other hand, for
the values obtained with average charges the highest value for AGnyq occurs for R = 30%. The
absence of a well-defined tendency for AGnyq Of graphene oxide differs drastically from the
behavior observed for homologous series of other polyhydroxylated systems, such as polyols
and fullerenols for which AGnyg vary practically linearly with the number of hydroxyl
groups.** *2 A possible explanation for this lies in the GO topology. At low R concentrations,
GO consists of a plane of carbons, with islands of polar groups separated by hydrophobic
regions. This peculiar structure confers to GO amphiphilic character and depending on its

dimensions and the edge saturations it can become a hydrophilic or hydrophobic system. And



this characteristic seems to particularly affect AGnyq values for GO’s with R = 10% and 20%
where higher hydrophobic regions are exposed to the aqueous environment.

Despite the lack of well-defined patter, our results allow us to state that GO at high R
concentrations tend to be more hydrophilic than those at low concentrations. Furthermore, we
see that the charges induced on the sp? carbon atoms, as considered by the CHELPG model,
lead to a significant increase in the hydrophilicity of some species, particularly those with R =
10 and 60%. In the investigated cases we can note that among all the concentrations, for only
two of them (R = 20 and 30%) the CHELPG model presented values less favorable to
hydration than the corresponding ones obtained with average-charge model. Finally, it is
interesting to note that although the charges at the sp? carbons tend to reduce the interaction
energy, which corresponds to a reduction in the enthalpy, a regular tendency is not observed
in the entropic component since AGryq tends to increase or decrease depending on R when

considering the model with CHELPG charges.

Conclusion

In this work we use atomistic molecular dynamics to describe the hydration process of
seven different models for graphene oxide at different levels of oxygenation. Two charge
models for GO were considered: a simplified one, where sp? carbons were treated as LJ
uncharged sites and another with charges at all sites obtained by the CHELPG scheme. Mass
density profiles and G(z) distributions of O... H pairs show that the structure of the hydration
is practically unaffected by the models employed. Analysis of such profiles indicate that the
water molecules near the surface of the GO are structured in at least two well defined layers.

G(z) distribution of O...H pairs show that although the positions of the G(z) peaks are similar



to those found in pure water, the height of the peaks is not, confirming the lower number of
HBs formed between water and GO in relation to the number of HBs formed in bulk.

The interaction between water and GO correlates well with the number of hydrogen
bonds formed, and both (HB’s and energy) are significantly sensitive to the charge set
employed. Our model employing CHELPG charges on all sp? carbons shows that the
simplified model tends to overestimate the GO/water interaction energy. This result is
important since the interaction of GO with the medium may be fundamental for certain
applications, such as the use of GOs as electrodes in supercapacitors or as inhibitors in
processes involving biological molecules.

Finally, the hydration free energy for each GO was determined as a function of the
oxygen concentration. Our results show that for the investigated systems, AGnyq values are in
the range of -5 to -45 kJ mol™® indicating that hydration is a favorable process for all
investigated systems. In addition, we observed that there is no clear dependence between
AGpyq value and the oxygen concentration, regardless of the charge model used. This may be
associated with the peculiar topology of GO, which presents hydrophilic islands separated by

hydrophobic regions whose description is a challenging task for any computational technique.
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