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Abstract

Graphene oxide (GO) contains numerous functional groups that facilitate the intercalation of polar solvents. The properties
and applications of GO are closely related to its interlayer spacing. We report on the changes in the interlayer spacing of GO
after the adsorption of water molecules and the polar organic solvents C,HsO, (EG), C;H;NO (DMF), CsHoNO (NMP).
Experiments were conducted to investigate the variations in the functional groups and structure of GO after solvent adsorp-
tion, and they play a vital role in modeling and verifying the results of molecular dynamics simulation. The most stable GO
structures are obtained through molecular dynamics simulation. The expansion of the interlayer spacing of GO after the
adsorption of monolayer solvent molecules corresponds to the minimum three-dimensional size of the solvent molecules.
The spatial arrangement of solvent molecules also contributes to the changes in interlayer spacing. Most adsorbed molecules
are oriented parallel to the carbon plane of GO. However, as additional molecules are adsorbed into the interlaminations of
GO, the adsorbed molecules are oriented perpendicular to the carbon plane of GO, and a large space forms between two GO
interlayers. In addition, the role of large molecules in increasing interlayer spacing becomes more crucial than that of water
molecules in the adsorption of binary solvent systems by GO.
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Introduction

The layered structure and large area of graphene oxide (GO)
facilitate the intercalation and adsorption of polar solvent
molecules through covalent or noncovalent approaches [1].
The dispersibility and the electronic, optical, and mechanic
properties of GO are affected by its interlaying spacing [2,
3]. These properties, in turn, are responsible for the exten-
sive applications of GO. Research on the effects of some
solvent molecules on the interlayer spacing of GO will help
guide the further applications of this material.

Several experiments and simulations have been executed
to study the structure of GO and the behavior of water con-
fined in GO. Rezania et al. [4] investigated the hydration of
single-layered GO and revealed through X-ray diffraction
(XRD) and neutron scattering analysis that interlayer spacing
of GO expands with relative humidity. Through molecular
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dynamics (MD) simulation, Zhou et al. [5] demonstrated that
the stacking pattern of confined water molecules in GO is
affected by the distance between neighboring layers. Moreo-
ver, water molecules present in different regions of GO dis-
play different behaviors. For example, regions close to the
GO surface are isolated, and other regions distant from the
GO surface are surrounded by water molecules [6].

The effect of polar solvent molecules on the interlayer
spacing of GO is more drastic than that of water molecules.
The interlayer spacing of GO upon maximum adsorption
changes when GO is exposed to an atmosphere saturated
with different polar solvents. This behavior provides evi-
dence that small molecules are easily intercalated into the
GO interlaminations [7]. Solvent molecules in vapor, liquid,
and solid phases can be intercalated into GO. The interca-
lated molecules occupy the expanded interlayer spacing of
GO along the c-axis. Some researchers have connected the
increase in interlayer spacing with the number and size of
the intercalated solvent molecules [8, 9]. These researchers
described molecular size by using only one parameter. In
reality, however, the three-dimensional sizes of molecules
vary greatly. To the best of our knowledge, research on the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12209-018-0164-4&domain=pdf

556

L. Liuetal.

interlayer spacing of different types of solvents that coexist
in GO interlaminations does not exist. MD is an effective
method for controlling the number of solvent molecules and
for visualizing the simultaneous adsorption of two kinds of
molecules into GO.

This work focused on the intercalation of water and typi-
cal polar solvent molecules into the GO interlaminations.
The interlayer spacing values of GO after the intercalation
of one or two kinds of solvent molecules under ambient
temperature were quantified through MD. Experiments
were conducted to determine the validity of the simulated
model and to ensure the accuracy of simulation results.
The increase in the interlayer spacing of GO after solvent
adsorption depends on the molecular size of the solvent.
Instead of evaluating molecular size solely on the basis of
diameter, as was done in a previous study [8], we calculated
the three-dimensional size and it could be applied to long-
chain solvent molecules. The behavior of solvent molecules
closely corresponded with the amount and size of the sol-
vent molecules. In addition, we identified the molecules that
dominate the increase in the interlayer spacing of GO when
two different types of molecules are intercalated into GO.

Methods
Experimental Methods
Preparation of Materials

GO was prepared from natural graphite powder through a
modified Hummers’ method [10, 11]. A stable suspension
was obtained after the products were purified by using a
novel electrodialysis system that we have previously reported
[12]. Then, a vacuum freeze drier (FD-1B-50, Shanghai,
China) was used to remove water molecules from the sus-
pension. Finally, the dried GO was milled into powder.

Ethylene glycol (EG), N,N-dimethylformamide (DMF),
N-methyl-2-pyrrolidone (NMP) are excellent solvents that
strongly interact with GO [2, 13]. Deionized water, EG
(AR), DMF (AR), and NMP (AR) were used as solvents in
this study and were purchased from Yuan Li Chemical Co.,
Ltd, China.

Preparation of GO-Adsorbing Solvent Molecules

One gram of GO powder was placed on filter paper. The fil-
ter paper with GO powder was then placed on a beaker con-
taining 120 mL of water, EG, DMF, or NMP, respectively.
Given that the polar solvents volatilized and easily pen-
etrated through filter paper, the solvent molecules entered
the interlaminations of GO and bonded with the functional
groups of GO. The amounts of solvent molecules adsorbed
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in GO varied with time ¢ (h). Samples were taken at differ-
ent time points for testing until GO achieved its adsorption
saturation state.

To verify that solvents existed in the GO interlamination,
samples were examined through Fourier transform infrared
spectroscope (FTIR, Nicolet 6700, USA). Samples were
mixed with KBr powder and pelletized before the scan was
performed over the wave number of 4000-500 cm~!. XRD
patterns were recorded on a high-resolution X-ray diffrac-
tometer (Bruker, Germany) under a scan rate of 3°/min in a
20 range of 5°-30° with Cu Ko radiation (1=1.5418 A) at
40 kV and 40 mA.

NMP was the most structurally complex solvent among
the solvents tested in this study and possessed all of the func-
tional groups possessed by the other three solvents. NMP
was selected as the representative solvent for intercalation
into the GO interlaminations for the comparison between the
experimental and simulated interlayer spacing values. The
weight of dry GO is m (my=1 g), and that with NMP sol-
vent is m,. The values of m, were recorded at time ¢ (h) until
the GO reached its adsorption saturation state. The percent-
age of NMP solvent adsorbed into layers was quantified as:

m, —my
content =

% 100%. 1)

m,

Molecular Dynamics

The composition [14] applied in the following simulations
was C30,(OH),. An example of atomic configuration is pre-
sented in Fig. 1. The unit cell consisted of three platelets with
an initial interlayer spacing of 15 A [15]. Periodic boundary
conditions were applied in three directions, and the size of
the original simulation box was 39.36 Ax 19.67 A x45 A.
Different numbers of solvent molecules were adsorbed in the
cavity formed between two neighboring platelets.
Geometry optimization and MD were carried out in the
Forcite Module executed in Materials Studio (MS) software.
MD was conducted with a Dreiding [15] forcefield and
Qeq charge equilibrium equation [16]. Dreiding is the only
forcefield that considers interlayer interactions among van

Fig. 1 Atomic configuration of hydroxyl and epoxide groups on the
surface of GO. Gray, white, and red spheres represent carbon, hydro-
gen, and oxygen atoms, respectively
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der Waals (VDWs), hydrogen bonding (H-bond), and elec-  of GO—solvents exhibit representative peaks at ~ 3435,
trostatic in MS [17]. VDWs nonbonded interactions were ~ 1640, ~1400, and ~ 1058 cm™' that correspond to the
described on the basis of 12-6 Lennard-Jones potential [18, O-H stretching vibration, C=0 stretching vibration, O-H
19], at the cutoff distance of 20 A. H-bond interactions were  deformation vibration, and epoxy C-O stretching vibra-
described as 12-10 exponential functions [17]. GO—solvent  tion, respectively. As previously described, hydroxyl, car-
molecule structures were first equilibrated through 50,000  boxyl, and epoxy groups exist in GO planes. In addition,
iterations of energy minimization by adjusting atom coor-  the FTIR spectrum of GO-NMP exhibited peaks at 2926
dinates. A fine convergence tolerance was reached with  and 2852 cm™! and that of GO-DMF and GO-EG exhib-
the conjugate gradient algorithm. After optimization, cell  ited peaks at 2928 and 2871 cm™!, respectively. The peaks
energy reached the minimum value, and the system was the ~ at ~2927 and ~2861 cm™' could be attributed to the —CH;4
most stable. To ensure the equilibration of the GO-solvent ~ and —CH, stretching vibration, respectively [20]. The FTIR
molecular system, the system was switched to MD. The spectrum of GO-DMF presented a new peak at 1437 cm™!
structure was calculated using a canonical ensemble (NVT) attributed to C-N stretching vibration. In addition to the
condition for 5 ns at a time step of 1 fs. The temperature of  functional groups that exist in GO, GO-NMP contains
the heat bath was 298 K and was controlled with a Nose =~ —CH; and -CH, groups, GO-DMF contains -CH; and C-N
thermostat. groups, and GO-EG contains —CH, groups. The appearance

of new peaks confirmed that solvent molecules have inter-

calated in GO.
Results and Discussion

XRD Analysis of GO-Solvents
Characterization of the Prepared Samples

Interlayer spacing plays an important role in determining the
FTIR Characterization structure and crystallinity of carbon materials. The increase

in the interlayer spacing of GO is correlated with the amount
The FTIR spectrum was used to characterize the changes  of solvents that have intercalated in the interlaminations and
in the chemical bonds and functional groups of GO after  is calculated using the Bragg equation, which is deduced
solvent adsorption. As shown in Fig. 2, all the FTIR spectra  from the position of (001) reflection in the XRD patterns of

Fig.2 FTIR spectra of GO (a) (b)
upon the adsorption of different
solvent molecules. a Water, b .
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GO-solvent systems. Notably, as a result of the interstrati-
fication and nonuniform hydration of GO interlayers, the d
(001) of the Hummers GO changes regularly [4].
Examples of the XRD patterns of the GO—solvent sys-
tems under ambient temperature are shown in Fig. 3. Two
characteristic peaks appeared in the spectra of the GO-EG,
GO-DMF, GO-NMP systems after 24, 1, and 8 h of adsorp-
tion. The appearance of these peaks was caused by the
adsorption of monolayer solvents into the GO interlami-
nations. The three-dimensional sizes of DMF and NMP
molecules are nonuniform, which will slightly change the
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delamination behavior of neighboring layers in the presence
of excess DMF and NMP molecules.

MD Verification

The GO-NMP interlayer spacing values obtained through
experiments and simulations are shown in Fig. 4. The simu-
lated interlayer spacing values are very close to the experi-
mental values. The simulated and experimental interlayer
spacing of GO increased to ~ 13 A. Except for the point of
NMP content at 0%, the deviation is less than 10% through
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Fig.3 XRD patterns of GO after the adsorption of a water, b EG, ¢ DMF, and d NMP
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Fig.4 Experimental and simulated interlayer spacing values of GO—
NMP

all the researched content of NMP. The deviation between
experimental and simulated values can be explained as fol-
lows: Water molecules bond tightly with GO layers when
the water content is low and cannot be removed even after
prolonged drying [21]. Thus, the dried GO samples con-
tained irremovable moisture. Furthermore, the GO samples
simultaneously adsorbed moisture from the air while adsorb-
ing solvent molecules. These two moisture components
will slightly increase the experimental interlayer spacing.
XRD results showed that interlayer spacing increased by
a maximum of 0.85 A when dry GO powder was placed in
an atmosphere with a relative humidity of 58.2%. Thus, the
interlayer spacing obtained through MD is closer to the ideal
state than that obtained through experiments. In conclusion,
all the settings and procedures used in the MD simulation
of the GO structure are suitable and can be used in the fol-
lowing calculations.

Relationship Between the Interlayer Spacing of GO
and the Size of Solvent Molecules

As previously stated, the diffraction angle of the first char-
acteristic peak decreases with time. This behavior proves
that the interlayer spacing increases with solvent adsorption.
The detailed simulated results for the interlayer spacing of
GO after the intercalation of different solvent molecules are
shown in Fig. 5. The interlayer spacing of GO will expand
given that the free space will be separated by GO layers and
will become filled with solvent molecules [22]. Consistent
with the result presented by [23], the interlayer spacing of
GO will expand by different degrees with the addition of
solvent molecules to the system.

Some researchers have correlated the interlayer spac-
ing value of GO with molecular diameter [8]. This rela-
tionship can effectively describe the intercalation of small

Number of solvent molecules

Fig.5 Interlayer spacing of GO after the adsorption of water,
EG, DMF, or NMP. The figure in the lower right corner shows the
enlarged results of these solvents in GO layers

molecules, such as water. However, the results show large
deviations of long-chain molecules into GO. In this work,
the three-dimensional molecular sizes of four kinds of sol-
vents were determined. A solvent molecule was placed in
a rectangular box with a minimum volume. The length,
width, and height of the rectangular box were defined as
solvent molecular size. The three-dimensional structures
(Iength X width x height) of water, EG, DMF, and NMP are
shown in Fig. 6. Three-dimensional molecular sizes of the
solvents follow the order of water <EG < DMF < NMP.

The maximum number of solvent molecules adsorbed
by GO is related to the molecular size of the solvent. This
relationship has been demonstrated in other carbon materi-
als [24]. Our simulation results showed that the maximum
numbers of water, EG, DMF, and NMP molecules that can
be adsorbed per unit cell of GO are 490, 120, 97, and 70,
respectively. The hydrodynamic diameter of a water mol-
ecule is ~2.7 A [25]. The intercalation of a water monolayer
causes the lattice of GO to expand by 2.2-2.5 A [24]. The
size of the DMF layer adsorbed by GO structure is ~4.4 A
[26]. An increase in interlayer spacing of 7.3 A corresponds
to the intercalation of two DMF layers into GO interlamina-
tion [9]. The increase in interlayer spacing caused by one-
layer solvent molecules corresponds to the size parameter
of the minimum three-dimensional molecule, as shown in
Fig. 6.

The interlayer spacing curves of GO that has adsorbed
EG, DMF, or NMP present plateaus, as shown in Fig. 5.
When the interlayer spacing reaches the first plateau,
monolayer solvent molecules will be intercalated into the
interlamination. The variation in interlayer spacing from
the beginning to the first plateau of the curve is similar to
the variation shown by the minimum three-dimensional
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Fig.6 Molecular size of a
water, b EG, ¢ DMF, and d
NMP. Gray, white, blue, and red
spheres represent C, H, N, and
O atoms, respectively

724 A x435A x6.12 A

738 A x 499 A x 688 A

molecular size in Fig. 6. The expansion of interlayer spac-
ing caused by the intercalation of one solvent molecule is
consistent with the order of solvent molecular size. The pla-
teau of water adsorption is unclear. The three-dimensional
molecular size of water is more uniform than that of the
other three solvents.

The value of interlayer spacing is affected by the spatial
arrangement of solvents. As inferred from the structure of
solvent molecules intercalated in the GO layer, the maxi-
mum plane of solvent molecules tends to be oriented parallel
to the carbon plane of GO. Thus, the interaction between
the functional groups of GO and solvent molecules is maxi-
mized. Taking NMP as an example, almost all the NMP
molecules are horizontally oriented in the space formed by
two layers, and GO has a tight structure when few solvent
molecules are present in the interlamination (Fig. 7a). Sev-
eral NMP molecules began to follow a vertical orientation
while most molecules continued to follow a horizontal ori-
entation when the number of solvent molecules increased in
the interlamination (Fig. 7b).

Interlayer Spacing Under the Coexistence of Water
and Solvent Molecules in GO Layers

To further demonstrate the effect of different molecu-
lar sizes on interlayer spacing, the simultaneous adsorp-
tion of water with EG, DMF, or NMP molecules into GO
interlaminations was simulated. Two kinds of molecules
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Fig. 8 Interlayer spacing of GO intercalated by unitary and binary solvent mixtures. a EG, b DMF, and ¢ NMP

were simultaneously adsorbed to avoid the controlling
effects observed in a previous study [27].

The confinement of one or two kinds of solvent mol-
ecules in the interlayer spacing of GO is presented in
Fig. 8. The ratio of solvent molecules to C atoms of the
GO plane was 5n:768, and n varied as solvent molecules
were added to the system. Taking NMP as an exam-
ple (Fig. 8c), it is shown that the interlayer spacing of
the GO-water—-NMP system approximated that of the
GO-NMP system when n was less than 7. Small mol-
ecules exert negligible effects on interlayer spacing, and
water molecules exist in the void formed by large solvent
molecules. The interlayer spacing value of GO after the
adsorption of these two kinds of molecules was larger
than that after the adsorption of any single molecules
and was closer to that of the GO-NMP system when n
exceeded 7. The effect of small molecules must be con-
sidered, and water molecules are distributed close to GO
surface. The functional groups of GO are hydrophilic and
tightly bonded with water molecules. In conclusion, the
structure of GO and the behavior of solvent molecules are
influenced by the molecular size of the solvent.

Conclusions

The structure and interlayer spacing of GO after the inter-
calation of polar solvent molecules are determined through
experiments and MD simulation.

The structure of GO after the intercalation of solvent
molecules is distinctly related to the number and size of
solvent molecules. It is particularly related to the minimum
three-dimensional size of the solvent molecule. Almost all
the solvent molecules are oriented horizontally in the inter-
lamination space when interlayer spacing is relatively small.
The solvent molecules begin to orient vertically with the
introduction of additional solvent molecules to the GO inter-
lamination. Binary solvent mixtures are adsorbed into the
GO interlamination. Large molecules dominate the enlarge-
ment of interlayer spacing.

Therefore, the structure of GO after hydration/adsorp-
tion is related to the type, amount, and molecular size of
the solvent.
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