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Abstract  

Hypothesis 

The superiority of graphitic carbon nitride (g-C3N4) nanosheet results from its large specific 

surface area, which can be achieved by exfoliation of the bulk layered structure. Liquid-phase 

exfoliation (LPE) is the best-known method for the synthesis of two-dimensional (2D) g-C3N4 

nanosheets. However, experimental investigations do not allow for a molecular-level 

understanding of the process. Molecular dynamics (MD) simulations are expected to provide 

microscopic insights and quantitative evaluation of the energy consumption during LPE, thus 

facilitating the search of effective solvents for the LPE of 2D materials. 

Simulations 

MD simulations are carried out to simulate the LPE process by performing potential of mean force 

calculations for the separation of two stacked g-C3N4 nanosheets. Free energy of exfoliation is 

evaluated and compared among nine common solvents with distinct molecular structures. 

Findings 

The most probable path for the exfoliation process is identified. The free energy of exfoliation is 

found to correlate directly with the solvent free energy of a single g-C3N4 nanosheet. The solvation 

is enthalpy-driven and affected by the mobility of the solvent molecules around the nanosheet. 

Based on the MD results, several strategies are proposed to guide the selection of solvents for 

effective LPE.  

Keywords 
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1. Introduction 

Two-dimensional (2D) graphitic carbon nitride (g-C3N4) nanosheets have been explored as a 

promising candidate in many applications such as photocatalysis [1–4], membranes [5], sensing 

[6], imaging [7], and energy conversion [8,9]. Importantly, the basic structural unit of g-C3N4 is a 

π-conjugated heptazine or triazine, which exhibits special electronic and photocatalytic 

performances [10]. In addition, a weaker photoluminescence intensity was observed in ultrathin g-

C3N4 nanosheets compared to the layered bulk material [3], which corresponds to a lower inter-

sheet recombination rate of photogenerated carriers. Therefore, the superiority of ultrathin g-C3N4 

sheets results from a large specific surface area, enhanced electron transport ability, and high 

charge separation efficiency [11]. Liquid-phase exfoliation (LPE), as an important functional 

modification strategy, can be used to delaminate layered g-C3N4 bulk material to obtain free-

standing nanosheets [12–18]. In this process, bulk materials are placed into certain solvents 

followed by ultrasonic treatments [19]. Despite some successes [20–27], it remains a challenge to 

identify solvents that enable effective exfoliation and stable dispersion of the g-C3N4 sheets. 

A number of studies have investigated the delamination of bulk g-C3N4 in different organic 

solvents. The selection of solvents was mostly arbitrary, based on trial-and-error experimentation. 

For example, Yang et al. reported LPE of bulk g-C3N4 using various organic solvents as the 

dispersion medium, including but not limited to isopropanol (IPA), N-methyl-pyrrolidone (NMP), 

acetone (ACE), and ethanol [28]. It was found that NMP was a promising solvent, which could 

stabilize the individual nanosheets. In comparison, precipitation of g-C3N4 was observed after 2 

days when using ethanol and ACE. Lin et al. reported a mixed solvent approach for the LPE of 

bulk g-C3N4, to form monolayer g-C3N4 nanosheets with tunable concentrations (0.1−3 mg mL-1) 

[29]. Different binary solvents, namely ethanol/H2O, IPA/H2O, and dimethylformamide 

(DMF)/H2O were examined. For the ethanol/H2O system, when the volume ratio of H2O was 75%, 

a milky dispersion was obtained, reaching the maximum g-C3N4 concentration of 3 mg mL-1.  

To the best of our knowledge, attempts to determine a quantitative relationship between the solvent 

properties and the performance of the exfoliation are completely absent for g-C3N4, while there 

has been some work on another 2D material, graphene. Hernandez and co-workers [21] reported 

that the Hildebrand solubility parameters, Hansen solubility parameters, and surface tensions may 

be used to identify solvents that are effective in dispersing graphene. It was discussed that in order 
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to minimize the enthalpic cost of mixing, efficient solvents should have a surface tension close to 

that of graphene. In another study, Coleman et al. [30] stated that the concentration of dispersed 

graphene nanosheets is maximized when the energy of exfoliation is minimized. An equation was 

proposed to calculate the enthalpy of mixing ∆𝐻௠௜௫ as an estimate for the energy of exfoliation, 

 
∆𝐻௠௜௫
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ൌ
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where 𝑉௠௜௫ is the volume of the solution mixture, 𝑇௦௛௘௘௧ is the thickness of a nanosheet, 𝐸௦௨௥
௜  is 

the surface energy of component i, and ∅ is the volume fraction of graphene in the solution. 

The above semiempirical criteria have provided some general guidelines for solvent selection, 

however, they do not allow for molecular-level design of novel solvents capable of effectively 

dispersing 2D nanosheets, especially g-C3N4. For example, an effective solvent should have 

interactions with g-C3N4 that are strong enough to compensate for the van der Waals (vdW) 

attraction between the g-C3N4 sheets. It is unclear whether these interactions can be captured by 

solubility parameters or surface tension alone. In this regard, little is known about the molecular 

details of the interactions between g-C3N4 and solvent molecules, and the correlation of these 

interactions with the structural properties of the solvents. Hence, developing a molecular-level 

understanding of the interactions between g-C3N4 and common solvents can provide fundamental 

insights that help the design of exfoliation strategies to obtain stable g-C3N4 solutions. 

Molecular dynamics (MD) is a powerful numerical tool that can shed light on interactions beyond 

the accessibility of current experimental techniques. Zou et al. [31] presented the first MD study 

on the exfoliation of g-C3N4 nanosheets, where an external force was added to imitate the 

sonication process. The energy barrier for exfoliation was estimated by the variation of kinetic 

energies in MD simulations, which was a very rough approximation. There was a lack of accurate 

evaluation of the free energy required in the exfoliation process, as well as elucidation on the 

relationship between the free energy and solvent properties. In this work, we present a systematic 

MD study on the LPE of g-C3N4 in nine different solvents with varying molecular structures. 

Through potential of mean force (PMF) calculations, we have for the first time quantified the free 

energy of exfoliation between two g-C3N4 sheets, which can be used as a metric to evaluate the 

performance of g-C3N4 exfoliation in those solvents. Mechanistic explanations are provided on the 

relationship between the free energy of exfoliation and molecular features of the solvent. Results 
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from this study shed light on how to make molecular structure-based selection of solvents to 

improve g-C3N4 exfoliation and dispersion in the liquid-phase. 

2. COMPUTATIONAL DETAILS 

2.1. Molecular models for g-C3N4 and solvents 

The heptazine-based g-C3N4 nanosheet was considered for this study (Figure 1a). This structure 

consists of 6-membered rings with sp2 bonds between C and N atoms, and intrinsically contains 

vacancies (or voids) surrounded by nitrogen atoms as shown by the red circle in Figure 1a. The 

presence of these vacancies and the rotation at the N-C bonds that connects two building blocks 

(cyan circle in Figure 1a highlights one building block) make the growth of a large-sized layer 

difficult [20]. In this work, we considered an equilateral triangular sheet to be representative of a 

g-C3N4 nanosheet, consistent with several previous studies [32–36], with a side length of 4.5 nm. 

This nanosheet consists of 21 heptazine core units, with the periphery saturated with 21 H atoms. 

The justification for choosing this size is provided in Supporting Information (SI), section 1. 

For the study of LPE, nine solvents commonly used in the experiments [27,29,37] were considered 

as the medium. These solvents were categorized into three groups based on their structural 

character and functional groups. The first group (Figure 1b) featured polar O-H (hydroxyl) groups 

and included water and two alcohols: methanol (MET) and 1,4-butanediol (BD). The second group 

(Figure 1c) had a carbonyl (O=C) group which can be an amide as in formamide (FRM) and 

dimethylformamide (DMF), or a ketone as in ACE. The third group (Figure 1d) contained an 

aromatic structure: a benzene ring in chlorobenzene (CB), or a heterocycle in tetrahydrofuran 

(THF) and N-methyl-2-pyrrolidone (NMP). 
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Figure 1. (a) Molecular structure of the 21-unit g-C3N4 used in this study. The cyan circle shows 

one heptazine core unit and the red circle shows a vacancy that exists around the N atoms. 

Molecular structures of simulated solvents, categorized into group 1 (b), group 2 (c) and group 3 

(d) according to their structural characteristics. The molar weight of each solvent is given in the 

parenthesis. 

The all-atom optimized potentials for liquid simulations (OPLS-AA) force field [38] was used for 

both the solute (g-C3N4) and the solvents. The force field parameters were generated from 

LigParGen and PolyParGen servers [39,40] unless otherwise specified. The Charge Model 5 

(CM5) with a scaling factor of 1.20 [41] was used for the partial atomic charges. To validate the 

force field parameters and partial atomic charges, key properties of g-C3N4 such as bond 

length/angle distributions, surface energy and hydration free energy were compared with results 

from density functional theory (DFT) calculations. Validation was also performed for the solvents, 

by comparing their density, dielectric constant, and surface tension with experimental results. 

Details of the validation are shown in the SI, Section S2. 

2.2. Simulated systems 

Umbrella sampling (US) [42] was used to calculate the PMF, which is defined as the potential 

whose negative gradient with respect to a pre-defined reaction coordinate (RC) corresponds to the 
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average force in the direction of the RC. The weighted histogram analysis method (WHAM) [43] 

was used to extract the PMF curve from a set of US simulations. It is non-trivial to define a RC 

that best describes the exfoliation of the g-C3N4 nanosheets. Two adhered 2D sheets can be 

separated via different paths, which may be associated with different free energy requirements 

[44–48]. For example, it was shown that for graphene sheets in water the PMF to separate them in 

the direction perpendicular to the sheets (i.e., normal direction) was lower compared to that in the 

direction parallel to the sheets (i.e., lateral direction) [45]. However, for boron nitride (BN) 

nanosheets in several organic solvents, it was reported that the lateral direction had lower PMF 

[46]. 

In this work, we first performed a set of simulations to determine the most probable path for the 

exfoliation of g-C3N4. For this purpose, three different RCs were explored with DMF being the 

solvent. RC I was defined as the distance between the centers of mass (COMs) of two sheets along 

the normal direction (Figure 2a); PMF associated with this RC corresponded to the process of 

separating the two sheets in the normal direction. RC II was the distance between the edge atoms 

of two sheets in the normal direction (Figure 2b), resembling the peeling of the top sheet from the 

bottom one. Finally, RC III was the distance between the COMs of two sheets in the lateral 

direction (Figure 2c), to capture the process of sliding the top layer over the bottom one. RC I 

ranged from 0.3 to 1.3 nm, beyond which the two sheets no longer interacted with each other, 

while RC II and III ranged from 0.3 to 4.0 nm. For each chosen RC, US simulations were 

performed by applying a harmonic biasing potential (force constant 5000 kJ/mol.nm2) to restrain 

the RC at each US window. To complement the PMF calculations, a pulling simulation was carried 

out along each of the three RCs in DMF. In these simulations, the bottom sheet was fixed while 

the center of the mass (COM) of the top sheet (RC I and RC III) or edge atom (RC II) of the top 

sheet was attached to a spring of stiffness 1000 kJ/mol.nm2 and pulled away at a speed of 0.005 

nm/ps. PMFs and forces obtained from the three RCs were compared to determine the one with 

the lowest resistance to separation, i.e., the most probable path for exfoliation. Then this RC was 

employed to calculate the PMFs for all the other solvents. 
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Figure 2. Three RCs explored for the separation of two g-C3N4 nanosheets: (a) the distance 

between the COMs of two sheets along the normal direction, (b) the distance between the edge 

atoms of two sheets in the normal direction, and (c) the distance between the COMs of two 

nanosheets in the lateral direction. For better illustration, the two sheets are colored differently. 

The COMs or edge atoms are shown with blue and red circles respectively for the two sheets. (d) 

PMF curves for separating two stacked g-C3N4 nanosheets in DMF along RC II and RC III. Insets 

show representative snapshots at different stages of the separation.  

In addition to the PMF calculations, a set of simulations were performed to determine the solvation 

free energy (SFE, denoted by ΔGsol) of a single g-C3N4 sheet in different solvents. Bennett 

Acceptance Ratio (BAR) method [49] was used to gradually couple a sheet to its equilibrium 

solvation environment and the average <dH(λ)/dλ> was evaluated, where H is the Hamiltonian and 

λ is the coupling parameter. Twenty-one states were defined in this procedure where the first state 

corresponded to no interaction (λ = 0) between the g-C3N4 sheet and the solvent. In the next 10 

states the vdW interaction between the g-C3N4 sheet and the solvent was increased with the step 

of Δλ = 0.1. For the last 10 states the electrostatic interaction was turned on by the step of Δλ = 0.1 

reaching the fully interacting state between the sheet and solvent. Consequently, the ΔGsol between 

λ = 0 and λ = 1 can be calculated from: 
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Finally, the fully interacting systems from the end of the ΔGsol simulations were further 

equilibrated for 60 ns. Afterward, the g-C3N4 sheet was removed from each system, the solvent 

was re-equilibrated for 60 ns and the g-C3N4 sheet was equilibrated in vacuum for 10 ns. This set 

of simulations allowed us to calculate the solvation enthalpy (ΔHsol) from 

 ∆𝐻௦௢௟ ൌ  𝐻௦௢௟௨௧௜௢௡ െ  𝐻௦௢௟௩௘௡௧ െ 𝐻௦௢௟௨௧௘ (3) 

where Hsolution is the enthalpy of the solution after 60 ns equilibration, Hsolvent is the enthalpy of the 

solvent alone after 60 ns re-equilibration, and Hsolute is the enthalpy of the sheet alone after 10 ns 

equilibration in vacuum. Each enthalpy term was calculated based on H = E + pV where E is the 

internal energy, p is pressure and V is volume. The solvation entropy was then estimated by 

 𝑇∆𝑆௦௢௟ ൌ  ∆𝐻௦௢௟ െ ∆𝐺௦௢௟ (4) 

where T = 300 K is the simulation temperature. A summary of the simulated systems is given in 

Table 1. These simulations generated trajectories with a total length of 5 μs. 

Table 1. Summary of the simulated systems. 

Simulation type # g-C3N4 
sheets 

Solvent Size of the box 
(nm*nm*nm) 

# simulation 
windows 

Time of production 
run in each simulation 

window (ns) 
Pulling 
 

2 DMF 9*10*9 1 1 

PMF with RC I 
 

2 DMF 8*8*10 40 10 

PMF with RC II 
 

2 DMF 8*8*10 30 10 

PMF with RC III 2 Water, MET, BD, 
ACE, FRM, DMF, 

CB, THF, NMP 

9*10*9 40 10 

ΔGsol calculation 1 Water, MET, BD, 
ACE, FRM, DMF, 

CB, THF, NMP 

7*7*4 21 1 

ΔHsol and ΔSsol 
calculation 

0 and 1 Water, MET, BD, 
ACE, FRM, DMF, 

CB, THF, NMP 

5.8*5.8*5.8 1 60 

 

2.3 Simulation details 

All simulations were performed using the GROMACS package [50] (version 2021.2). Prior to 

each production run, energy minimization of the system was carried out using a steepest descent 
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algorithm. The system was then equilibrated in the NpT ensemble for 200 ps with a 2 fs timestep. 

The temperature and pressure were controlled at 300 K and 1 bar by the Berendsen thermostat and 

barostat, with a coupling time constant of 0.2 ps and 5 ps respectively. A production run was 

subsequently performed with a 2 fs timestep, where the bond lengths involving a hydrogen atom 

were constrained using the LINCS algorithm. A temperature of 300 K was maintained by means 

of a velocity-rescale algorithm with a time constant of 0.1 ps. An isotropic pressure of 1 bar was 

set by using a C-rescale scheme with a coupling constant of 1.0 ps. Periodic boundary condition 

was employed in all directions, and long-range electrostatic interaction was evaluated using the 

particle-mesh Ewald summation. The cutoff radius for the nonbonded interactions was set to 1.2 

nm. The length of each production simulation is given in Table 1. 

3. Results and discussion 

3.1. Selection of reaction coordinate 

To determine the most probable path for exfoliation, pulling simulations for two stacked g-C3N4 

sheets in DMF were first performed for all three RCs. The force-displacement curves are shown 

in SI, Section S3. Along RC I a large force (~ 4300 kJ/molꞏnm) is required, which occurs at around 

0.45 nm, in order to overcome the π-π interaction [51] between the two stacked sheets. After this 

peak, the force decreases rapidly because of the diminishing interactions. For RC II and III, the 

force is steady and below ~1000 kJ/molꞏnm. The results suggest that exfoliation via RC I is 

significantly more difficult compared with RC II and III as demonstrated by the more than 4-fold 

larger force required at the initial stage. Subsequently, we focused on RC II and III and generated 

the associated PMF curves in Figure 2d. Here the dimension of the PMF is energy per unit area 

(normalization done using the area of one nanosheet), and the PMF value of the first data point 

was set to zero in both curves. At the early stage (RC < 2.5 nm), the two PMFs are comparable. 

However, as the RC further increases, the two curves show the sign of separating from each other. 

When RC > 3.0 nm, the curve for RC III has leveled off while the one for RC II curve is still 

climbing. The difference between the two curves can be understood by recognizing that while the 

separation of the two nanosheets, and hence the loss of interaction between them, is gradual at the 

beginning for both RCs, in the final stage detaching the top sheet from the bottom one along RC 

II (inset of Figure 2d) requires a much larger amount of energy. These results suggest that among 

the three RCs, RC III requires the least amount of energy to completely separate two stacked g-
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C3N4 sheets, and therefore exfoliation in the experiments is more probable to occur along this RC. 

The same observation is also confirmed numerically in other solvents (CB and NMP, see SI section 

S3), and for other 2D materials such as BN [46]. For this reason, PMF calculations were performed 

along RC III for all 9 solvents and compared to assess their ability to disperse g-C3N4 sheets.  

3.2. PMF and free energy of exfoliation 

The PMF curve in DMF associated with RC III (blue curve in Figure 2d) is examined with details 

here. As the COM distance (D) between the two sheets increases, the PMF shows an initial 

decreasing trend, characteristic of a repulsive interaction between them. The curve reaches the 

global minimum at D = 0.45 nm where the average force between the two sheets is zero. At the 

global minimum, the sheets are stacked with a lateral shift of 0.28 nm (inset of Figure 2d) 

compared to the initial configuration where they are in complete overlap. This configuration has 

been predicted for both g-C3N4 [52] and graphene like C3N [53] bilayers by DFT calculations and 

corresponds to displaced π–π stacking. After the global minimum, the PMF exhibits an overall 

increasing trend, which represents attraction between the two sheets. There are small fluctuations 

in the curve, and the local minima and maxima are caused by the triangle patterns in the g-C3N4 

structure. Specifically, the heptazine core units from the two sheets prefer to be overlapping with 

each other, and the same applies to the void regions. Occurrence of such a configuration tends to 

result in a local minimum in the PMF. For example, the inset of Figure 2d at D = 1.15 nm shows 

the structure of two nanosheets that have ten of their heptazine core units overlapped. On the 

contrary, at D = 1.25 nm (inset of Figure 2d), the heptazine core units are not aligned, leading to a 

local maximum in the PMF curve. The PMF curve reaches a plateau around D = 3.50 nm, 

indicating negligible interaction between the sheets beyond this COM separation. The difference 

in PMF value between the global minimum and the plateau represents the free energy required to 

separate two stacked sheets, via the mode of sliding, from their equilibrium distance until they are 

no longer interacting. This difference is therefore defined as the free energy of exfoliation (ΔGexf, 

positive throughout this work).  

The PMF curves for all 9 simulated solvents are presented in Figure 3a, with ΔGexf marked for 

DMF as an example. Validity of the ΔGexf calculation is demonstrated by good overlaps between 

the US histograms as well as reproducibility confirmed by five independent set of US simulations 

performed for DMF (SI, Section S3). Quantitatively, ΔGexf measures the level of difficulty to 
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exfoliate one sheet from another; lower ΔGexf is preferred and exfoliation is expected to be easier 

with less external efforts (e.g. ultrasonication time and intensity) required. The ranking of ΔGexf 

follows: water > MET > FRM > ACE > BD > THF > CB > DMF > NMP, which suggests that 

exfoliation of g-C3N4
 is easiest in DMF and NMP, and hardest in water. 

 

Figure 3. (a) PMF curves for separating two g-C3N4 nanosheets in all solvents investigated in this 

study. (b) ΔGexf vs. |ΔGsol| for solvents from the three groups. Error bars in |ΔGsol| are obtained by 

splitting the data into 5 blocks, calculating the free energy difference over each block, and 

estimating the error from the average variance over the blocks [54]. 

3.3. Mechanisms governing the free energy of exfoliation  

While the PMF calculations have allowed us to evaluate and rank the free energy of exfoliation, 

mechanisms behind such ranking require more investigation. Fundamentally, stronger attractive 

interaction between g-C3N4 and the solvent should lead to better solubility and a lower value of 

ΔGexf, and this was demonstrated for graphene oxide nanosheets [55]. Quantitatively, the solubility 

can be evaluated by calculating the SFE (ΔGsol) of a single sheet, which is the energy required to 

create a unit area of contact between the g-C3N4 sheet and the solvent. ΔGsol is negative for all 

solvents, indicating attractive interaction between the sheet and the solvent. ΔGexf is plotted against 

|ΔGsol| in Figure 3b for all three groups of the solvents. The standard deviation in |ΔGsol| is small; 

hence hereafter we will refer only to the average values. In general, a negative correlation between 
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ΔGexf and |ΔGsol| is observed within each group, consistent with our expectation that better 

solubility would lead to easier exfoliation. The three groups are examined in more detail to identify 

how the structural features of the solvent molecules affect ΔGsol, and hence ΔGexf. 

3.3.1 Group 1 (solvents with hydroxyl group): 

In this group the ranking for |ΔGsol| follows BD > MET > water which suggests BD as a better 

liquid for the exfoliation of g-C3N4. Interestingly, the size and molecular weight (MW) of the 

solvents in this group follow the same trend, BD (90.1) > MET (32.0) > water (18.0). A few 

analyses were done to further investigate the relationship between ΔGsol and structural features of 

the solvent molecules. Because all three solvents in this group contain hydroxyl groups capable of 

forming hydrogen bonds (H-bonds), an analysis was first performed to calculate the number of H-

bonds dissociated and generated during the solvation. The results are provided in SI, Section S4, 

which show no direct correlation with ΔGsol. In fact, larger size of MET and BD molecules has 

limited their capability to orient themselves in order to form close contact with the interior of the 

sheet. The solvent-sheet interaction is therefore suspected to be more impacted by non-specific 

electrostatic and vdW forces. In addition, entropy may play an important role in solvation [56]. In 

the following, ΔGsol is separated into its enthalpic and entropic components to gain more insights 

into the governing contribution. 

ΔGsol and its partition into the enthalpic (ΔHsol) and entropic (TΔSsol) terms are given in SI, Section 

S5. Both ΔHsol and TΔSsol are negative, suggesting that solvation of the nanosheet in the three 

solvents is favored by enthalpy while opposed entropically. In addition, the magnitude of ΔHsol is 

more than double that of TΔSsol, and the magnitudes of ΔHsol and ΔGsol follow the same order of 

BD > MET > water. The solvation of the nanosheet is therefore an enthalpy-driven process, larger 

reduction in enthalpy indicates higher sheet-solvent affinity, and leads to more favorable 

exfoliation [44,46,57,58].  

Solvation of a g-C3N4 nanosheet involves multiple steps with different energy implications. First, 

a cavity must be created in the solvent to accommodate the sheet. This step is both entropically 

(ΔS < 0) and enthalpically (ΔH > 0) unfavorable, as it increases the order of the solvent and reduces 

solvent-solvent interaction. Stronger interaction among solvent molecules leads to a greater 

enthalpic penalty for cavity formation. Next, the sheet enters the cavity, and the resulting solvent-

sheet interaction is enthalpically favorable (ΔH < 0). Finally, as the solute is mixed into the solvent, 
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there is an entropy gain (ΔS > 0). Since the solvation of g-C3N4 nanosheet is enthalpy driven, we 

further calculated the energy changes during these steps. The energy change associated with 

creating a cavity in the solvent, denoted by ΔE1, was estimated from the difference in non-bonded 

interactions (vdW and electrostatic) among the solvent molecules from two 60 ns simulations (last 

set in Table 1): one with the presence of a sheet and one without the sheet. Similarly, the energy 

change due to the insertion of a sheet into a pre-existing cavity, denoted by ΔE2, was estimated 

from the non-bonded interactions between the solvent and the sheet after 60 ns equilibration of the 

sheet in the solvent. The total energy change in the solvation process then can be estimated as 

 ∆𝐸 ൌ  ∆𝐸ଵ ൅  ∆𝐸ଶ (5) 

Figure 4a shows ΔE1, ΔE2, ΔE along with ΔHsol from SI, Section S5. Statistics are based on the 

last 30 ns of the two 60 ns simulations described above. ΔE and ΔHsol only differ by a small amount 

suggesting that non-bonded interactions are the main contribution to the enthalpy of solvation. 

From Figure 4a, the penalty for disrupting solvent-solvent interaction (ΔE1, positive) follows order 

of water > BD > MET. Meanwhile, attractive solvent-sheet interaction (ΔE2, negative) follows 

water > MET > BD. Solvating the nanosheet in water involves both higher penalty for disrupting 

solvent-solvent interaction and weaker solvent-sheet attraction, consistent with its smallest |ΔGsol| 

and highest ΔGexf. While ΔE1 is higher in BD than in MET, it is compensated by the stronger 

attraction between BD and the sheet, making BD a better medium for g-C3N4 solvation. 
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Figure 4. (a) For group 1 solvent: energy changes in the solvation process associated with cavity 

generation (ΔE1) and sheet insertion (ΔE2). The sum of the two terms (ΔE = ΔE1 + ΔE2) along with 

ΔHsol are also shown. (b) For group 1 and 2 solvents: rp (location of the first peak in the RDF) vs. 

|ΔGsol| (left axis) and average H-bond lifetime vs. |ΔGsol| (right axis) for group 1 and 2 solvents. 

Inset shows the partial atomic charges (PAC) of the solvent oxygen. (c) For group 3 solvents: 

probability distribution of the angle between the normal of the sheet and the normal of the aromatic 

rings of the solvent in the first solvation layer. 

Now that it is shown that the exfoliation process is enthalpy-driven and influenced by both solvent-

solvent and solvent-sheet interactions, the question remains as to why ΔHsol follows the order of 

BD > MET > water, exactly the same as the molecular weight of the solvent molecules? To 
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investigate this, the solvent molecules in the first solvation layer of the sheet were identified at 30 

ns of the 60 ns simulation, and tracked for the next nanosecond. Here the first solvation layer is 

defined as solvent molecules whose COM is within 0.5 nm of the sheet, based on the solvent 

distribution around the sheet (SI, Section S4). Simulation snapshots in SI Section S4 shows that as 

the solvent size increases, the molecules in the first solvation layer tend to adhere more stably to 

the sheets. For instance, 80% of the initially adhering BD molecules remain in the first solvation 

layer while the corresponding number is only 5% for water. Similar observations are made in the 

US simulations for two nanosheets (SI, Section S4), where after the first 1 ns 82%, 17%, and 5% 

of the solvent molecules remain in the first solvation layer, respectively for BD, MET, and water. 

Water behaves much more dynamically, and there are frequent exchanges between water 

molecules on the interface and those in the bulk. In contrast, the larger MET and especially BD 

molecules can maintain their positions around and even between the sheets (SI, Section S4). Their 

lower mobility near the sheet and less exchange with the bulk are consistent with the higher value 

of |ΔHsol|, suggesting more stably established vdW and electrostatic interaction between the sheet 

and the solvent.  

3.3.2. Group 2 (solvents with carbonyl group) 

Similar to group 1, solvent molecules in group 2 are also linear molecules with polar groups (albeit 

different) capable of forming H-bonds. It is therefore not surprising that the result of ΔGexf and 

ΔGsol for these two groups show similar behaviors, and data in Figure 3b for all solvents in these 

two groups form a single class that can be clearly distinguished from group 3. Analysis in SI 

Section S5 shows that solvation of the g-C3N4 nanosheet in group 2 solvents is also driven by 

enthalpy. The TΔSsol (< 0) term is in the same range for all three solvents; ΔHsol (< 0) for ACE and 

FRM is close, while the magnitude of ΔHsol is much larger for DMF. Consequently, DMF also has 

the highest |ΔGsol| and lowest ΔGexf. Considering data from groups 1 and 2 together in Figure 3, 

DMF stands out as the solvent with the best potential to exfoliate g-C3N4 nanosheets. 

Unlike group 1, the ranking of |ΔGsol| in group 2 does not follow the order of the MW of the solvent 

molecules. In particular, FRM has a smaller MW (45.0) than ACE (58.1), yet the two solvents 

have similar |ΔGsol|. Considering groups 1 and 2 together, BD has larger MW than DMF, yet its 

|ΔGsol| is lower. Therefore, it appears that when the solvent molecules possess a carbonyl group, 

their interaction with the sheet is not directly correlated with their size. The radial distribution 
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function (RDF, g(r)) of the solvent oxygen around N atoms of the sheet is shown in SI Section S6 

for all solvents in groups 1 and 2, based on the last 30 ns of the 60 ns simulations. The location of 

the first peak (rp) in each curve corresponds to the accumulation of the solvent oxygen near the N 

atoms of the sheet in the first hydration layer. A negative correlation is observed between rp and 

|ΔGsol| (Figure 4b). In other words, solvents that can orient their oxygen closer to the surface of the 

sheet tend to have a higher |ΔGsol|. Among the solvents from groups 1 and 2, DMF has the lowest 

value of rp. One possible reason could be the partial atomic charge of the solvent oxygen, which is 

shown in inset of Figure 4b. The charge is most negative for water oxygen and least negative for 

DMF. Since the nitrogen atoms on the g-C3N4 nanosheet also carry a negative partial charge (-

0.35), less negative charge of the solvent oxygen can alleviate their local repulsion with the 

nitrogen, allowing other attractive interactions (vdW, electrostatic force between atoms with 

opposing partial atomic charges) to be more stably established.  

In Section 3.3.1, it is discussed that |ΔGsol| does not have a direct correlation with the number of 

H-bonds broken and formed during the solvation; rather it is related to the mobility of the solvent 

molecules around the sheet. This motivates us to investigate the persistence of the solvent around 

the sheet by calculating the lifetime of the H-bonds between them, through the following 

autocorrelation function [59]: 

 𝐶ሺ𝜏ሻ ൌ ൏ 𝑠௜ሺ𝑡ሻ 𝑠௜ሺ𝑡 ൅ 𝜏ሻ ൐ (6) 

Here 𝑠௜ሺ𝑡ሻ indicates whether H-bond 𝑖 is present (𝑠௜ = 1) or absent (𝑠௜ = 0) at time 𝑡, and <  > 

performs an average over all time t and all H-bonds 𝑖 between the solvent and the sheet. The 

integral ׬ 𝐶ሺ𝜏ሻ𝑑𝜏
ஶ

଴  gives a rough estimate of the average H-bond lifetime, which is shown in 

Figure 4b for group 1 and 2 solvents. Interestingly, the average H-bond lifetime follows an almost 

linear relationship with |ΔGsol|. Consistent with the visual observations in SI Section S4 this result 

confirms that higher magnitude of |ΔGsol| is associated with less mobility and more stable 

adherence of the solvent molecules around the sheet.  

3.3.3. Group 3 (solvents with aromatic structures): 

Group 3 solvents have a distinct structure compared with group 1 and 2 solvents, containing a ring-

like, instead of linear, structure. Their ΔGexf vs. |ΔGsol| data are separated from the other two groups 

in Figure 3b, and within similar range of |ΔGsol| this group tends to have lower ΔGexf. Energetics 
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analysis in SI Section S5 shows that the solvation of the g-C3N4 nanosheet in group 3 solvent is 

still enthalpy-driven. Since these solvents contain aromatic structures, it is of interest to study 

potential π-π interactions between solvent molecules and the sheet. Previous DFT simulations 

investigated the adsorption of ionic liquid on BN nanosheets [60], and reported the presence of 

π−π, CH-π, and anion−π interactions. π-π interactions between two aromatic rings are typically 

manifested by a small separation (less than 5.0 Å [61]) between them [62]. SI Section S6 provides 

the RDFs of the center of the aromatic ring around the carbon and nitrogen atoms on the sheet 

(data based on last 30 ns of the 60 ns simulations from the last set of simulations in Table 1). The 

curves corresponding to different solvents almost overlap, demonstrating similar distribution of 

the aromatic ring around the sheet. The location of the first RDF peak is 4.2 Å for carbon and 3.8 

Å for nitrogen, suggesting that the aromatic centers are positioned slightly closer to the nitrogen 

atoms. To measure the relative orientation of the solvent aromatic rings with respect to the sheet, 

Figure 4c shows the probability distribution of the angle between the normal of the aromatic rings 

in the solvents and the normal of the solvated sheet. Here the solvent molecules considered are in 

the first solvation layer and the probability distribution is generated based on last 30 ns of the 60 

ns simulation. For all three solvents most of the molecules have an angle > 80°, corresponding to 

nearly perpendicular orientation relative to the sheets. NMP, however, has a higher probability of 

acquiring smaller angles (< 10°) than the other two solvents. This suggests that while all solvents 

experience T-shaped π-π interactions [63] with the sheet, NMP benefits from having more offset-

stacked (parallel-displaced) [64]. This conformation in turn promotes the solvent-sheet 

interactions and makes NMP a better medium for LPE (highest |ΔGsol| and lowest ΔGexf in this 

group). 

3.4. Discussion 

3.4.1. Mobility of solvent molecules around nanosheet 

In sections 3.3.1 and 3.3.2, an interesting correlation is observed between |ΔGsol| and the mobility 

of the linear solvent molecules around the sheet. Here the analysis is extended to solvents in all 

three groups. For each 60 ns simulation where a single nanosheet was equilibrated in a solvent, the 

solvent molecules in the first solvation layer at t = 25 ns were tracked till the end of the simulation. 

The fraction of these molecules that departed from the first solvation layer (M) was calculated as 

a function of time and presented in SI Section S7. M starts from zero and increases with time, 
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reaching a plateau at t = 50 ns for all solvents. The average from the last 10 ns (50 to 60 ns), 

denoted by Mave, is shown in Figure 5a by plotting lnሺ𝑀௔௩௘ሻ against |ΔGsol|/kT, where k is the 

Boltzmann constant. All data fall near a straight line, suggesting the following relationship 

between Mave and |ΔGsol|: 

 𝑀௔௩௘ ൌ A e
ି௔|୼ீೞ೚೗|

௞்  (7) 

where A and a > 0 are constants. This is a relationship that resembles the Arrhenius equation [65], 

with |ΔGsol| serving the role of an activation energy that is required to drive the molecules to depart 

from the first solvation layer and diffuse into the bulk. 

 

Figure 5. (a) lnሺ𝑀௔௩௘ሻ versus 
|∆ீೞ೚೗|

௞்
 for all the solvents studied in this work. (b) Comparison of 

ΔHeq.(1) and ΔGexf from this study. 

3.4.2. Implications for LPE 

Previous studies [29] have reported that the concentration of the as-obtained g-C3N4 nanosheets in 

suspension was extremely low (less than 3 mg/mL). Fabricating graphene-like g-C3N4 with a 

single atomic layer in a relatively high concentration remains a strenuous task since the g-C3N4 

nanosheets tend to aggregate due to their high surface energy [66]. Hence, a key goal of the studies 

on LPE is to find the most suitable dispersant–solvent system that can generate uniform and stable 

dispersion of g-C3N4 sheets with high concentration. Smaller values of ΔGexf correspond to less 
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amount of energy required to separate aggregated sheets, as well as less tendency for the sheets to 

aggregate [57]. It is therefore expected that the concentration of dispersed g-C3N4 sheets can reach 

higher values in the solvents with lower ΔGexf, which has been verified experimentally for 

graphene solvated in ionic solvents [67]. Our results showed that NMP, DMF, CB, and THF have 

the lowest ΔGexf, therefore they are predicted to be better media for LPE. This is in line with the 

experiments by Yang et al. where g-C3N4 nanosheets were found to be more stably dispersed in 

NMP and IPA among five solvents (NMP, IPA, water, ACE, and ethanol) [28]. It should be noted 

that NMP has a high boiling point and is challenging to be removed in order to obtain exfoliated 

g-C3N4 nanosheets. The evaporation process is slow and aggregation of exfoliated nanosheets may 

occur during the process [28]. This provides quantitative and molecular-level support for why 

DMF is widely used as an effective exfoliation medium in experimental studies [28,68–72].  

In drastic contrast to NMP and DMF, water has a very large ΔGexf, 52% higher than the second 

poorest solvent (MET) in this study. |ΔGsol| of water is also the lowest, about 23% smaller than the 

next in line (MET). This suggests low affinity of water molecules to g-C3N4 sheets, which is 

manifested through its lowest average H-bond lifetime, furthest distribution from the sheet (largest 

rp value), and highest molecular mobility in the adsorption layer. Based on the data, water is not a 

suitable candidate for the LPE of g-C3N4. The predicted poor performance of water is in line with 

experimental studies where a relatively low concentration of dispersed g-C3N4 sheets was found 

in water [29,31]. Recognizing the advantages of water being a solvent (e.g., safe, abundant, easily 

accessible), surface modifications of g-C3N4 sheets may be considered to enhance their interactions 

with water and increase their aqueous dispersibility. 

Sresht et al. investigated the LPE of phosphorene sheets using MD simulations [44]. It was 

discussed that the performance of a solvent depended on its molecular shape, and solvents with a 

planar structure, such as NMP and dimethyl sulfoxide, behave like molecular wedges that can 

intercalate more efficiently [44]. In agreement with this, our data show that for similar |ΔGsol|, 

group 3 solvents with planar structures tend to have smaller ΔGexf. More interestingly, our results 

have repeatedly shown a correlation between ΔGexf and the mobility of solvent molecules around 

the nanosheet. For example, for DMF, NMP, and BD, up to 30% of the solvents in the first 

solvation layer lingered near the sheet even after 35 ns (SI Section S7). Those solvent molecules 

essentially formed an adsorption layer on the nanosheet, which could shield the sheet-sheet 
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interactions, potentially hindering the aggregation and allowing stable dispersion of individual 

sheets. Based on our observations, several suggestions can be made that might promote the 

stability of the adsorption layer. Firstly, highly negative partial atomic charges (typically related 

to high polarity) should be avoided, so as to reduce the repulsion with the electronegative nitrogen 

on the sheet. Secondly, solvents with larger size (higher MW) present an advantage. Finally, 

solvents with an aromatic structure are preferred, especially those that are able to form more 

parallel π-π stacked conformations. 

Energetics analysis in this work has demonstrated enthalpy as the main driving force in the 

solvation of g-C3N4. While the dominance of enthalpy has been reported in the literature for the 

solvation of long-chain polymers [73,74], to our knowledge this is the first time it is reported for 

2D materials. Coleman et al. [22] proposed a first-order estimation, eq. (1), for the enthalpy of 

mixing of graphene as an approximation for the free energy of exfoliation. . To examine the 

validity of this approximation for g-C3N4, we used ∅ ൌ ௏ೞ೓೐೐೟

௏೘೔ೣ
  to rewrite eq. (1) into  

ΔHeq.(1) ≡ 
∆ு೘೔ೣ ்ೞ೓೐೐೟

௏ೞ೓೐೐೟
ൌ 2 ቀඥ𝐸௦௨௥

௦௛௘௘௧ െ ඥ𝐸௦௨௥
௦௢௟௩௘௡௧ቁ

ଶ
 

which represents the enthalpy of mixing per unit area of the sheet. ΔHeq.(1) was calculated using 

the surface energy values from Tables S2 and S3, respectively for 𝐸௦௨௥
௦௛௘௘௧ and 𝐸௦௨௥

௦௢௟௩௘௡௧, and 

compared with ΔGexf from our work (Figure 5b). For all of the solvents, ΔHeq.(1) underestimates 

ΔGexf and the discrepancy is particularly large for solvents with high surface tension (such as water 

and FRM). The ranking of ΔHeq.(1) follows: ACE > THF > MET > CB > DMF > NMP > BD > 

FRM > water. If ΔHeq.(1) were to be used to select the solvent for LPE, then water would be chosen 

as the best solvent among these nine solvents. This is in contradiction with our earlier discussion 

on the performance of water in LPE. Therefore, eq. (1) is a poor estimation for the free energy of 

exfoliation for g-C3N4 and should not be used as a selection criterion. 

4. Conclusion 

In this study, MD simulations are performed along with extensive potential of mean force (PMF) 

calculations, to evaluate the free energy of exfoliation of g-C3N4 nanosheets in nine common 

solvents. The solvation free energy of a single g-C3N4 nanosheet is also calculated and compared 

with the free energy of exfoliation of two g-C3N4 nanosheets in the same solvent. The effect of 
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structural properties of solvents on the free energy cost of the exfoliation process is analyzed. Our 

results show that similar to other 2D materials such as BN [46] and graphene [47], the most 

probable path for the exfoliation of g-C3N4 nanosheets is in the parallel (shear) direction. Based 

on PMF calculations, the performance of the nine solvents in exfoliating or dispersing g-C3N4 

sheets is ranked, with the best solvents being NMP, DMF, CB, and THF. This provides quantitative 

and molecular-level support for why NMP and DMF are widely used as exfoliation media in 

experimental studies [28,68–72]. A high correlation is found between the free energy of exfoliation 

of two sheets and the solvation free energy of a single sheet, with higher magnitude of solvation 

free energy corresponding to lower free energy of exfoliation. Regardless of the molecular 

structure of the solvents, the solvation of g-C3N4 sheet is driven primarily by enthalpy. Analysis 

of the first solvation layer shows that solvents with higher magnitude of solvation free energy tend 

to be less mobile in this layer, and in some cases a stable adsorption layer is formed around the 

sheet. Additionally, our results show that the first-order estimation for the free energy of 

exfoliation proposed by Coleman et al. [22] is insufficient and can lead to large errors especially 

for water.  

To our best knowledge, this is the first atomistic-level study that determines a quantitative 

relationship between solvent properties and the performance of liquid phase exfoliation. Not only 

have the simulations been able to provide explanations for solvent selection in some experiments 

[28,68–72], they have also generated critical insights into the underlying mechanisms which are 

not accessible by experiments. Also, through several novel analyses, we have for the first time 

revealed key factors that govern the efficacy of the solvent.  This has allowed us to propose a 

comprehensive set of principles for the selection and design of effective solvents in liquid phase 

exfoliation of g-C3N4, including less negative partial atomic charges, higher molecular weight and 

the presence of aromatic structures. 

Several future directions are recognized. First, in the literature there are two main molecular 

structures proposed for g-C3N4 nanosheets: heptazine based and s-triazine based [26]. Here, we 

only considered the former and it is of interest to investigate the latter structure. It is also worth 

studying whether the geometry of the model (e.g., triangle in this work vs. other shapes) affects 

the free energy results. Second, there exist many other solvents with structural features different 

from those studied in this work. Extending the present framework to a large number of solvents 
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may allow for a more general model to be established that can predict the free energy of exfoliation. 

Lastly, future work can be conducted to relate the free energy of exfoliation to critical 

concentrations of delaminated g-C3N4 in a solvent that lead to aggregation and precipitation [29]. 
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