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ABSTRACT: A series of molecular dynamics simulations were performed to 10 

investigate the adsorption of violanthrone-79 (VO-79) as a model asphaltene compound 11 

on quartz surface in different organic solvents (n-heptane, toluene and heptol with 3 12 

different n-heptane/toluene volume ratios). Our simulations demonstrated that the type 13 

of solvent had a great impact on the kinetics of adsorption, such as the adsorption rate 14 

and final adsorption amount. However, the equilibrium modes of adsorption were 15 

similar: both monomer and aggregate adsorptions were observed regardless of the 16 

n-heptane and toluene content. With monomer adsorption, the polyaromatic core (PAC) 17 

of VO-79 was merely parallel to the surface; while the PACs showed two types of 18 

orientations in aggregate adsorption: parallel and slant, with the majority of them slant 19 

to the surface maintaining π-π stacking between neighboring PACs. Energetic analyses 20 

showed that the adsorption was driven primarily by van der Waals forces, accompanied 21 

by electrostatic interactions, hydrogen bonding and free energy of solvation. The results 22 

reported here provide valuable insights at the molecular level into the mechanistic 23 

understanding of asphaltenes adsorption on mineral surfaces in organic media. 24 

  25 
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1. INTRODUCTION 26 

Adsorption of asphaltenes on mineral surfaces is a ubiquitous, undesirable 27 

phenomenon in oil production.1 It can modify the wettability of mineral surfaces from 28 

water-wet to oil-wet, rendering the surfaces hydrophobic, causing reservoir damage as 29 

well as corrosion and fouling in downstream operations.2-5 Understanding the 30 

adsorption of asphaltenes on mineral surfaces is therefore important in order to propose 31 

methods to prevent, minimize or reverse the adsorption. 32 

Over the past decade, many studies have examined asphaltene adsorption on 33 

minerals.6-23 Several studies suggested that in toluene and heptol (mixture of n-heptane 34 

and toluene) solutions asphaltenes or their aggregates did not penetrate into the 35 

interlayers of clays and were adsorbed only on their surfaces.6, 7 Both monolayer and 36 

multilayer adsorption have been observed in experiments.21-24 For example, Dudášová 37 

et al.23 investigated the adsorption of asphaltenes  from five different origins onto 38 

minerals and clays (kaolin, CaCO3, BaSO4, FeS, Fe3O4, TiO2 and SiO2) in heptol , and 39 

found that the Langmuir isotherm model fitted well to all of the experimental isotherms. 40 

Their results indicated that the adsorption of asphaltenes was in the form of a monolayer, 41 

and the adsorption capacities were determined to vary from 0.26 to 3.78 mg/m2. 42 

Multilayer adsorption generally occurred at high asphaltene concentration21 or in 43 

solvents where asphaltenes had poor solubility such as n-heptane and dodecane.22 The 44 

adsorption was attributed to different forces, including electrostatics, charge-transfer, 45 

van der Waals, and hydrogen bonding.19-21, 25 The effects of many factors on asphaltene 46 

adsorption have also been investigated, such as  temperature, pressure, salinity, 47 

asphaltene concentration, and the type of solvent.9-13, 21 48 

Molecular dynamics (MD) simulations, which can provide insights into dynamic 49 

processes at molecular level, have been widely employed to investigate the behaviors of 50 

heavy oil compounds, such as asphaltenes, in bulk solution and on oil/water 51 

interfaces,26-35 with only a few recent studies tackling their adsorption on mineral 52 

surfaces.36-38 Real asphaltenes are a complex mixture of polyaromatic compounds and 53 

depending on the source of the crude oil, there can be large variations in their 54 

composition. Because of this, past MD simulations all employed certain type(s) of 55 

model compounds that represented some features of asphaltenes. The most commonly 56 

considered asphaltene model compounds include violanthrone-78 (VO-78), 57 

violanthrone-79 (VO-79) and N-(1-hexylheptyl)-N′-(5-carboxylicpentyl)-perylene-3,4,9, 58 

10-tetracarboxylic bisimide (C5Pe).32-35, 37-43 They are similar, in structure, to the 59 
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island-type asphaltenes proposed in the literature,44 and have been successfully used to 60 

mimic asphaltenes in crude oil.31-35, 37-41 Wu et al.36 used model compounds to represent 61 

asphaltene, resin, aromatic and saturate fractions of heavy crude oil, and investigated 62 

their sorption, diffusion and distribution on quartz surface. Insignificant difference was 63 

found in the diffusivities of asphaltene, resin and aromatic on the surface, which 64 

indicated that van der Waals interaction was the main contributor to the sorption of 65 

these components. Recently, the adsorption of C5Pe on silica from n-heptane and 66 

toluene was simulated using MD.37 Van der Waals force was again shown to provide 67 

the largest contribution to adsorption, although hydrogen bonds were found to form 68 

between the polar terminal group (carboxylic acid) of C5Pe and the silanol groups of 69 

silica. Compared with toluene, C5Pe showed less self-aggregation in bulk heptane and 70 

more adsorption on silica. The same authors also studied the simultaneous adsorption of 71 

C5Pe and N-(1-undecyldodecyl)-N'-(5-carboxylicpentyl)-perylene-3,4,9,10 72 

-tetracarboxylic bisimide (C5PeC11) on silica, with heptol (equal volume of n-heptane 73 

and toluene) being the solvent.38 A clear synergy between C5Pe and C5PeC11 was 74 

demonstrated, which enhanced their adsorption through π–π stacking and T-stacking 75 

between polyaromatic cores, as well as hydrogen bonding between their polar terminal 76 

groups and silica. 77 

Variation in chemical structure of the model compounds is known to influence their 78 

behaviors in bulk solvents and on interfaces.45-47 For instance, when the polar terminal 79 

of C5Pe was substituted by an aliphatic functional group, the molecules did not form 80 

polyaromatic π–π stacking in bulk n-heptane or toluene.45 Given that the polar terminal 81 

groups in C5Pe contribute significantly to adsorption, and that real asphaltene may 82 

contain molecules with different degrees of polarity,48-50 it is of interest to investigate 83 

what would happen to asphaltene adsorption on mineral surfaces in absence of these 84 

polar terminal groups. Motivated by this, in this work we chose a different model 85 

compound, namely VO-79, which contains nine fused aromatic rings attached with two 86 

aliphatic side chains. Using MD simulations, we study the adsorption of VO-79 on 87 

quartz surface in different organic solvents (n-heptane, toluene, and heptol with three 88 

n-heptane/toluene volume ratios). The objective is to provide a molecular level 89 

understanding on the dynamics, structure and mechanisms of the adsorption and address 90 

the effect of solvents with different solubility. 91 

 92 

2. SIMULATION METHODS 93 
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2.1 Models and Systems Simulated. VO-79 (C50H48O4), shown in Figure 1a, 94 

was chosen as the model asphaltene, which has a central polyaromatic core (PAC) and 95 

two side chains (SCs). Most silicas employed in adsorption studies are microporous 96 

containing many hydroxyl groups on the surface,51 and the hydroxylated silica surfaces 97 

are known to enable the adsorption of organic and biologic molecules.52, 53 Based on this, 98 

a hydroxylated quartz surface was used in this work to mimic the mineral surface. To 99 

reduce the complexity of the model while maintaining the key functional groups for 100 

adsorption, a monolayer quartz surface was created with the silanol (Si−OH) groups on 101 

one side of the surface and Si−H groups on the other (Figure 1b). The force field 102 

parameters for quartz and the partial atomic charges of silanol groups were adopted 103 

from existing literatures,54-56 which have been validated and used to investigate the 104 

interaction between oil and silica.37, 57-59 The organic solvents were represented by 105 

n-heptane, toluene and heptol. The topologies for VO-79, n-heptane and toluene were 106 

created and validated in our previous work,35, 60-62 and directly adopted here. 107 

 108 

 109 

Figure 1. Molecular structure of (a) violanthrone-79 as a model asphaltene and (b) 110 

hydroxylated quartz surface employed in this work. 111 

 112 

To systematically probe the adsorption of VO-79 on quartz surface under the 113 

influence of different solvents, 5 systems were constructed. Details of these systems are 114 

summarized in Table 1. For each system, a simulation box of 5.7 × 5.6 × 11 nm3 was 115 
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first built which contained 24 VO-79 molecules. The 24 molecules were arranged with 116 

their PACs parallel to one another, forming a 4 × 2 × 3 array. The rest of the box was 117 

filled with a particular type of organic solvents: pure n-heptane in system H100, heptol 118 

with 25% toluene and 75% n-heptane in system HT25, heptol with 50% toluene and 50% 119 

n-heptane in system HT50, heptol with 75% toluene and 25% n-heptane in system 120 

HT75, and pure toluene in system T100. After an initial steepest descent energy 121 

minimization to ensure that the maximum force is less than 1000.0 kJ/(mol × nm), the 122 

system was equilibrated at 300 K within position restraint on the VO-79 molecules, first 123 

in a canonical (NVT) ensemble for 100 ps, and then in an isothermal-isobaric (NPT) 124 

ensemble at 1 bar for another 100 ps. Then, 2 quartz surfaces were placed on the left 125 

and right sides of the box, with the Si-OH groups facing and interacting with the 126 

solution. Another energy minimization was performed, after which the system was 127 

finally sampled for 120 ns at 300 K in NVT ensemble with position restraints on all 128 

silicon atoms of the quartz surfaces. 129 

 130 

Table 1. Details of the Simulated Systems 131 

System Nquartz NVO-79 Ntoluene Nn-heptane Time (ns) 

H100 2 24 0 1331 120 

HT25 2 24 459 998 120 

HT50 2 24 918 666 120 

HT75 2 24 1376 333 120 

T100 2 24 1835 0 120 

 132 

2.2 Simulation Details. The GROMACS 5.0.4 simulation package63, 64 was used to 133 

carry out the MD simulations with periodic boundary conditions applied in all three 134 

directions. Maxwell distribution was used to generate the initial velocities of atoms. 135 

LINCS algorithm was applied to constrain all bonds,65 and a time step of 1 fs was used 136 

to integrate the equations of motion. Long-range electrostatic interactions were handled 137 

by Particle-mesh Ewald (PME) method,66, 67 with a Fourier grid spacing of 0.16 nm. A 138 

twin-range cutoff scheme was used for short-range electrostatics and van der Waals 139 

interactions with a cutoff value of 1.4 nm. Temperature was controlled by applying the 140 

V-rescale thermostat68 with coupling time (τT) set at 0.1 ps, and pressure in the NPT 141 

simulation was controlled using the Parrinello-Rahman barostat69 with coupling time (τP) 142 
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set at 2.0 ps. Appropriate post-processing programs available in GROMACS were used 143 

for trajectory analysis and VMD70 for visualization. Multiwfn 3.3.9 program71 was 144 

employed to localize and identify the non-covalent interactions (NCI), which was 145 

introduced by Johnson et al.72 146 

 147 

3. RESULTS AND DISCUSSION 148 

3.1 Diffusion. Root mean square deviations (RMSD) of the VO-79 molecules in all 149 

systems are plotted as functions of time in Figure 2a, which clearly demonstrate the 150 

attainment of equilibrium in the end. For system H100, there is little change in RMSD 151 

after 40 ns, while it takes much longer for system T100 (about 90 ns) to reach 152 

equilibrium. The time to reach equilibrium for the remaining 3 systems is between these 153 

two cases. In addition, the equilibrium RMSD value is lower in n-heptane (H100) than 154 

that in the other four systems containing toluene. The results suggest that due to its poor 155 

solubility in n-heptane,73, 74 the VO-79 molecules in system H100 experienced fastest 156 

adsorption onto the quartz surface, which quickly reduced their mobility. 157 

 158 
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Figure 2. (a) Time evolution of root mean square deviation (RMSD) of VO-79 160 

molecules, and (b) diffusion coefficients (D) of VO-79, n-heptane and toluene in the 5 161 

simulated systems. 162 

 163 

To quantify the mobility of the molecules in the simulated systems, the diffusion 164 

coefficient (D) was calculated from the slope of the mean square displacement (MSD) 165 

according to the Einstein relation:75 166 

    21
lim 0

6 t

d
D t

dt
 r r                (1) 167 
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where r(t) and r(0) are the center of mass (COM) position of each individual molecule 168 

at time t and 0, respectively, and the average ⟨|𝐫 𝑡 𝐫 0 | ⟩ is conducted over all 169 

molecules of the same type. The time-dependent MSD of individual components are 170 

given in Section S1 of Supporting Information (SI), and the corresponding diffusion 171 

coefficients are shown in Figure 2b. First consider the solvent molecules. The D value 172 

of n-heptane in H100 is found to be (2.81 ± 0.07)  10–5 cm2/s, and that of toluene in 173 

T100 is (2.23 ± 0.02)  10–5 cm2/s, both in good agreement with the published 174 

experimental values: 3.12  10–5 and 2.26  10–5 cm2/s for bulk n-heptane76-78 and 175 

toluene79, respectively. In heptol (HT25, HT50, HT75), the diffusion coefficients of 176 

n-heptane and toluene are both smaller than their values in the pure solvent cases (H100, 177 

T100). The attractive interaction between n-heptane and toluene was found to be 178 

stronger than that between the same species (see Section S2 in SI), which could be the 179 

reason why diffusion is faster in the pure solvents. The D values in heptol also decrease 180 

with decreasing proportion of n-heptane, which is consistent with earlier studies80, 81 in 181 

which the diffusion coefficients of binary mixtures decrease with decreasing alkane 182 

content. 183 

While the diffusion of n-heptane and toluene can be reasonably well modeled by the 184 

Einstein relation, the diffusion of VO-79 is anomalous (non-Einstein),82, 83 and the 185 

relation between MSD and time does not follow a straight line (Figure S1a). In these 186 

cases, to estimate the diffusion coefficients, we employed the method proposed in the 187 

literature,36 namely, only the MD trajectories that can be approximated by Einstein 188 

diffusion were extracted for analysis. The calculated diffusion coefficients of VO-79 are 189 

also shown in Figure 2b. Compared with the solvents, the D values of VO-79 are 190 

significantly (1–2 orders of magnitude) smaller: it is (0.10 ± 0.02)  10–5 cm2/s in T100 191 

and (0.01 ± 0.01)  10–5 cm2/s in H100. The much small D in H100 is consistent with 192 

the distinct solubility of asphaltene in toluene and n-heptane,45, 84 being more soluble 193 

and dispersive in toluene. Furthermore, the D values of VO-79 in all systems are 194 

substantially lower than the previous experimental values (0.24–0.35  10–5 cm2/s) 195 

measured for asphaltenes in bulk toluene solution.85, 86 The reduced mobility suggests 196 

that VO-79 molecules may have experienced significant adsorption onto the quartz 197 

surface, which will be examined next. 198 

 199 

 200 
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3.2 Process and Mode of Adsorption. Representative snapshots taken at 201 

different time of the simulation trajectories are shown in Figure 3 to illustrate the 202 

adsorption process. The corresponding density distributions of individual components 203 

along the direction perpendicular to the quartz surfaces are shown in Section S3 of SI. 204 

As another validation of our results, the bulk density of n-heptane in H100 is found to 205 

be 676.6 kg/cm3, and the bulk density of toluene in T100 is 860.5 kg/cm3. These values 206 

agree very well with the published experimental values of 679.5 and 862.3 kg/cm3 for 207 

pure n-heptane87, 88 and toluene88-90 respectively. 208 

 209 

 210 

Figure 3. Representative snapshots of (a) H100, (b) HT25, (c) HT50, (d) HT75 and (e) 211 

T100 during the simulations. Each snapshot is labeled as X.m, representing the snapshot 212 

of the model system X (X = H100, HT25, HT50, HT75, T100) at the m-th ns. C, H, O 213 

and Si atoms are shown in cyan, white, red and yellow, respectively. Solvent molecules 214 

are not shown for clarity. Blue circles represent the one-dimensional (1D) rod-like 215 

structures formed by face-to-face π-π stacking of the PACs, while black circle represents 216 

the three-dimensional (3D) sphere-like structure. Red arrows point to the VO-79 217 

molecules adsorbed on the surfaces in monomer form. 218 

 219 

As seen in Figure 3a, within the first 2 ns some VO-79 molecules in n-heptane 220 
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already adsorbed on the quartz surface, as either monomer or dimer. Meanwhile the 221 

other VO-79 formed aggregates in the bulk solvent, and no VO-79 existed in the bulk in 222 

monomer form. Between 2 ns and 10 ns, these aggregates migrated from the bulk 223 

towards the quartz surface, and adhered to the monomers and dimers that adsorbed 224 

previously. Dynamic re-arrangement of the adsorbed molecules occurred afterwards 225 

near the two surfaces, without desorption of the molecules back into the bulk. In the late 226 

stage of the simulation (50 ns and 120 ns), all VO-79 molecules are stably adsorbed to 227 

the surface in the form of several large aggregates. Observations in heptol and toluene 228 

(Figure 3b–3e) are similar to that in n-heptane, but with a few differences. Firstly, the 229 

adsorption of VO-79 in these four systems is slower than in n-heptane. At 2 ns, only one 230 

monomer showed adsorption in systems HT25 and HT50, and adsorption did not start in 231 

system HT75 and T100. Secondly, at the end of the simulation, system T100 exhibited a 232 

different configuration than the other systems. In particular, a fraction of VO-79 233 

molecules and their aggregates preferred to stay in the bulk phase  rather than on the 234 

surfaces. 235 

It is clear from above that the type of solvent has a great influence on the kinetics of 236 

adsorption. Visual examination of the simulation trajectories also revealed two modes of 237 

adsorption: in the forms of monomers or aggregates. To quantitative understand the 238 

process and mode of adsorption, the numbers of adsorbed VO-79 molecules are plotted 239 

in Figure 4a for different simulation time (see Section S4 in SI for details of the 240 

calculation). The numbers are further separated according to the two observed modes: 241 

monomers or aggregates. At the end of the simulations (120 ns), all 24 VO-79 242 

molecules were adsorbed on the surfaces except in system T100. Move evident 243 

difference among the systems exists in the rate and mode of the adsorption. 244 

In H100, the fastest adsorption occurs between 2 and 10 ns, during which the number 245 

of adsorbed molecules increases from 3 to 22. The maximum adsorption rate can be 246 

calculated to be (22 – 3) / (10 – 2 ns) = 2.4 ns-1. All the 24 VO-79 molecules become 247 

adsorbed by 20 ns and they stay on the surface afterwards. So the average adsorption 248 

rate can be estimated to be 24 / (20 ns) = 1.2 ns-1. In heptol, the fastest adsorption occurs 249 

between 50 and 60 ns regardless of the n-heptane/toluene ratio, and the maximum 250 
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adsorption rates for HT25, HT50 and HT75 are 1.5, 1.1 and 1.9 ns-1, respectively. 251 

However, the time taken to complete the adsorption is different for the 3 systems, and 252 

the average adsorption rates are 0.20, 0.34 and 0.40 ns-1 for HT25, HT50 and HT75, 253 

respectively. In toluene, the fastest adsorption occurs between 30 and 40 ns, with the 254 

maximum adsorption rate of 0.6 ns-1. Only 14 molecules are adsorbed on the surfaces 255 

after 120 ns, resulting in a low average adsorption rate of 0.12 ns-1. The maximum and 256 

average adsorption rates are plotted in Figure 4b for all the systems, which exhibit a 257 

similar trend. When toluene is added into pure n-heptane solution, both adsorption rates 258 

decrease markedly, and then increase moderately with increasing proportion of toluene. 259 

Once the toluene content reaches 100%, both rates drop again, with significantly smaller 260 

values than those in n-heptane. 261 

From Figure 4a, both monomer and aggregate adsorptions are observed in the five 262 

systems, the latter more dominant during the adsorption process. In n-heptane, all 263 

VO-79 molecules are adsorbed in the form of aggregates except one monomer at 2 ns. 264 

These aggregates are very stable after 10 ns, and there is no transition between the two 265 

adsorption modes. In HT25, the adsorption is entirely in the form of monomer for the 266 

first 10 ns. Then the number of adsorbed molecules increases considerably with the 267 

appearance of aggregate adsorption, with reversible transitions between the two modes. 268 

The scenario is similar in HT50, although monomer adsorption dominates for the first 269 

40 ns. In contrast, in HT75, the adsorption starts with aggregates, and they are stable on 270 

the surfaces with only transition towards monomer adsorption in the final stage. 271 

Comparable to HT25 and HT50, adsorption in toluene also begins with monomers, 272 

followed by the adsorption of aggregates and reversible transitions between two modes 273 

throughout the process. However the overall adsorbed molecules are less, due to the 274 

molecules that remain solvated in bulk toluene. 275 

 276 
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Figure 4. (a) Number of adsorbed VO-79 molecules at different simulation time. Solid 279 

columns correspond to number of molecules adsorbed in the form of aggregates while 280 

shaded columns correspond to number of molecules adsorbed in the form of monomers. 281 

(b) The maximum and average adsorption rates of VO-79 molecules in the 5 simulated 282 

systems. 283 

 284 

The effective thickness of the adsorbed layers can be evaluated (see Section S3 for 285 

details of the calculation) and are shown in Table 2. Since there are two quartz surfaces 286 

(see Figure 3) in each system, the thicknesses on the left and right surfaces are reported 287 

separately, along with their sum (total thickness). The maximum thicknesses in system 288 

H100, HT25, HT50, HT75 and T100 are 4.05 nm, 4.31 nm, 4.55 nm, 5.03 nm and 3.83 289 
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nm, respectively. These values are close to the experimentally measured thickness of 290 

asphaltene layers (6.2–8.7 nm) adsorbed from xylene solution onto a hydrophilic silica 291 

surface.22 It was also reported that after the addition of 30% heptane into the xylene 292 

solution, the thickness of the adsorbed asphaltene layer increased from 7.4 to 10.3 nm. 293 

This is in qualitative agreement with our results that as n-heptane is added to toluene 294 

(comparing the heptol systems with T100), the adsorbed layers become thicker. More 295 

interestingly, the thicknesses in the heptol systems are also larger than the value in 296 

n-heptane. At first glance, this is counter-intuitive, since the solubility of VO-79 in 297 

heptol should be between that in n-heptane and toluene. Careful examination of Figure 298 

3 reveals an interesting structure formed by the VO-79 aggregates adsorbed on the 299 

quartz surface. Some aggregates exhibit the shape of a one-dimensional (1D) rod 300 

(indicated by blue circles in Figure 3) where the PACs of the molecules in the aggregate 301 

stack to each other face-to-face over a relatively long range. These 1D structures are 302 

more significant in the heptol systems and effectively increase the thickness of the 303 

adsorbed layer. Jian et al.91 investigated the formation of such a 1D structure by VO-78 304 

in bulk solvents (in absence of any solid surfaces), and found that the longest range of 305 

stacking was obtained by having a small amount of toluene in n-heptane. Similar 306 

phenomenon is also observed here for VO-79 adsorption on quartz. The presence of 307 

toluene in heptol allows the VO-79 molecules to have better solubility and mobility to 308 

rearrange themselves to form the 1D rod near the surfaces, thus increasing the thickness. 309 

 310 

Table 2. Thickness of the Adsorbed VO-79 Layers (nm) 311 

Systems Left Layer Right Layer Total Thickness 

H100 3.57 4.05 7.62 

HT25 4.31 3.11 7.42 

HT50 4.55 2.63 7.18 

HT75 2.15 5.03 7.18 

T100 3.83 2.15 5.97 

 312 

The orientation of PAC plane of adsorbed VO-79 molecules relative to the quartz 313 
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surfaces was calculated by the cosine of angle θ (cosθ) between them. Figure 5 shows 314 

the fraction of molecules in different ranges of cosθ, data averaged over the last 10 ns of 315 

the simulations. θ can vary from 0° to 90°, thus cosθ is in the range of 0 to 1. When 0 ≤ 316 

cosθ ≤ 0.2, the PAC plane of a VO-79 can be considered to be almost perpendicular to 317 

the quartz surface. When 0.9 ≤ cosθ ≤ 1, the molecule is considered being parallel to the 318 

surface. Between these two limits, the molecule is considered to be in the slant state. 319 

Sample images of these configurations can be found in Section S5 of SI. From Figure 5, 320 

it is clear that cosθ of VO-79 with monomer adsorption (shaded columns) are 321 

distributed exclusively in the range of 0.9–1, indicating that if a VO-79 molecule is 322 

adsorbed as a monomer, it tends to be parallel to the quartz surface. Examination of the 323 

adsorption process of these monomers shows that they are first attached to the quartz 324 

surface with a nearly perpendicular configuration, but quickly transitions into a slant 325 

and then parallel configuration (see Section S6 of SI). In comparison, cosθ of VO-79 326 

adsorbed as aggregates (solid columns) has a wider distribution (0.1–1), with some 327 

molecules in a parallel configuration (0.9–1) but more taking a slant configuration 328 

(0.2–0.9). Very few molecules are in a perpendicular configuration (0–0.2). 329 
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Figure 5. Distribution of cosine of angle θ (cosθ) between quartz surfaces and PAC 332 

plane of adsorbed VO-79 molecules, averaged over the last 10 ns of the simulations. 333 

Inset: schematic depiction of the calculation of cosθ between planes α and β, which are 334 
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respectively the plane of the quartz surface and the PAC plane of the VO-79 molecule 335 

adsorbed on the surface. Solid columns correspond to molecules adsorbed in the form of 336 

aggregates while shaded columns correspond to molecules adsorbed in the form of 337 

monomers. 338 

 339 

3.3 Adsorption Mechanism. To understand the mechanism of VO-79 adsorption 340 

on quartz surfaces and the effect of different solvents, the van der Waals (ΔEvdW) and 341 

electrostatic (ΔEelec) interaction energies between VO-79 and quartz surfaces are plotted 342 

in Figure 6, along with the change in free energy of solvation (ΔGsolv) (see Section S7 of 343 

SI) evaluated based on the solvent accessible surface area (SASA)92. The results clearly 344 

show that vdW interaction is the main driving force for adsorption, while electrostatics 345 

and free energy of solvation also make considerable contribution and the two 346 

interactions are comparable in magnitude. It should be pointed out that free energy of 347 

solvation has rarely been considered in the literature for similar systems, although it is a 348 

non-negligible contributor to the adsorption. As VO-79 become adsorbed and replace 349 

the solvent molecules near the quartz surface, the interaction energies between solvent 350 

and quartz increase (see Section S8 of SI). However, such increase is smaller in 351 

magnitude compared with the reduction in interaction energies between VO-79 and 352 

quartz, demonstrating that VO-79 adsorption on quartz is energetically favored 353 

compared with solvent adsorption. 354 

 355 
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Figure 6. Interaction energies between quartz surfaces and VO-79 molecules in the 5 357 

simulated systems. 358 

 359 

To further identify the interaction characteristics between VO-79 molecules and 360 

quartz surfaces, non-covalent interaction (NCI) analysis72, 93, 94 was carried out based on 361 

the electron density and reduced density gradient (RDG). The gradient isosurfaces 362 

resulting from the analysis are displayed in Figure 7 for an adsorbed aggregate in 363 

system HT50. The gradient isosurfaces are colored on a blue-green-red (BGR) scale 364 

according to the values of the electron density (ρ) multiplied by the sign of the second 365 

Hessian eigenvalue λ2, i.e., sign(λ2)ρ, which is a good indicator of the interaction 366 

strength. In general, large and negative values of sign(λ2)ρ (blue) indicate strong 367 

attractive interactions (such as hydrogen bonds), while large and positive values (red) 368 

imply strong repulsive interactions (such as steric clashes). Values near zero (green) 369 

indicate weak interactions (such as van der Waals).93, 94 It can be observed that the 370 

spaces between VO-79 and the quartz surface are mainly populated by color green, 371 

corresponding to van der Waals interactions between the aromatic rings of VO-79 and 372 

the silanol groups of quartz surface. Meanwhile, there are some blue dots, highlighted 373 

by black arrows in the inset, which suggests the presence of hydrogen bonding between 374 

VO-79 and the quartz surface. Similar results are found in other systems (Section S9 of 375 

SI), which indicated that in solvents with different solubility, the natures of NCI of 376 
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VO-79 with quartz surface are similar. In addition, the gradient isosurfaces appear to be 377 

green between VO-79 molecules, which correspond to the π-π interactions between the 378 

neighboring PACs. The importance of van der Waals interactions between VO-79 and 379 

quartz, and the π-π interactions between neighboring VO-79 molecules are consistent 380 

with previous experimental and theoretical studies.20, 25, 36, 37 381 

 382 

 383 

Figure 7. Gradient isosurfaces (s = 0.25 a.u.) for the interactions between a VO-79 384 

aggregate and a quartz surface in system HT50. The surfaces are colored on a 385 

blue-green-red (BGR) scale according to the corresponding values of sign(λ2)ρ, ranging 386 

from –0.02 to +0.02 a.u. Blue represents the strong attractive interactions, green weak 387 

interactions, and red strong repulsive interactions. 388 

 389 

3.4 Discussion. As presented above, the adsorption modes of VO-79 molecules on 390 

quartz surfaces can be divided into two categories: monomer and aggregate adsorptions. 391 

VO-79 always adsorb on quartz surface as monomers or dimers in the  initial stage, 392 

followed by the adsorption of aggregates pre-formed in bulk solvents. This observation 393 

is consistent with the previously reported asphaltenes adsorption on solid surfaces, 394 

which consisted of two steps: first monolayer adsorption, and then monolayer to 395 

multilayer transition21, 22 leading to the formation of very large, slowly diffusing 396 

asphaltene aggregates, even in toluene.11 Moreover, our work provides structural details 397 

regarding the adsorbed layers. Specifically, the PACs of VO-79 adsorbed as monomers 398 

are merely parallel to the surface, while the PACs in aggregate adsorption represent two 399 
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types of orientations: parallel and slant. Configurations in which the PACs are 400 

perpendicular to the surface are rare, that is, there is a tendency to enhance the 401 

interaction between VO-79 aggregates and the quartz surface by increasing the contact 402 

area between the directly adsorbed VO-79 and the surface. 403 

In previous studies, the adsorption of asphaltenes on mica surface was identified as 404 

being controlled by the diffusion of asphaltenes from the bulk solution to the surface,10 405 

and the amount of asphaltene adsorption on hydrophilic silica particles increased with 406 

the increasing ratio of pentane to toluene.11 Our simulations also show that the nature of 407 

solvent influences the kinetics of adsorption, such as the adsorption rate and final 408 

adsorption amount. Due to the different solubilities in n-heptane and toluene (n-heptane: 409 

“bad” solvent; toluene: “good” solvent), asphaltenes exhibit distinct geometries in the 410 

bulk solvents: 1D rod-like structures are dominant in n-heptane, while short-cylinder 411 

and sphere-like structures are formed in toluene.95 Similar phenomena are also observed 412 

in this work for VO-79 adsorption on quartz. In particular, the formation of 1D rod-like 413 

structures has effectively increased the thickness of the adsorbed layers in n-heptane and 414 

heptol, even leading to thicker layers in heptol than in pure n-heptane. 415 

Xiong et al. simulated the adsorption of C5Pe on silica in a previous work.37 The 416 

most significant structural difference between C5Pe and VO-79 is the presence of polar 417 

terminal groups in the SCs of C5Pe. With the polar terminal groups, it is easier for C5Pe 418 

to form hydrogen bonds with the silanol groups on the surface. This is confirmed by the 419 

hydrogen bond calculations (Section S10 of SI). The number of hydrogen bonds is also 420 

more sensitive to the type of solvent in the case of C5Pe. Despite these differences, the 421 

orientations of adsorbed C5Pe molecules relative to the surface follow a similar 422 

distribution to Figure 5, indicating that the equilibrium adsorption configuration is 423 

insensitive to the terminal groups. On the other hand, the polarity change in the SCs 424 

does affect the adsorption process. As demonstrated in Section S6 of SI, without any 425 

polar terminal groups, monomer adsorption of VO-79 is initiated by point contact of its 426 

PAC with the surface, while the adsorption of C5Pe with polar terminal groups is 427 

initiated via the carboxylic acid group. Another difference observed in our work is that 428 

VO-79 molecules adsorbed in the form of aggregates are able to maintain π-π stacking 429 
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between their PACs, in some cases over a quite long range, which was not seen for 430 

C5Pe. 431 

 432 

4. CONCLUSION 433 

The adsorption of violanthrone-79 based model asphaltenes compound on quartz 434 

surface in different organic solvents was investigated by MD simulations. The type of 435 

solvent showed a great impact on the kinetics of adsorption, including the adsorption 436 

rate and final adsorption amount. However, the equilibrium modes of adsorption were 437 

similar: both monomer and aggregate adsorptions were observed in n-heptane, toluene 438 

and heptol. With monomer adsorption, the PAC of VO-79 was merely parallel to quartz 439 

surface, while the PACs in aggregate adsorption showed two types of orientations: 440 

parallel and slant, with the majority of them slant to the surface maintaining π-π 441 

stacking between neighboring PACs. Van der Waals interactions were found to 442 

contribute most to the adsorption, accompanied by electrostatics, hydrogen bonding and 443 

free energy of solvation. 444 
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