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中文摘要 

本論文分為四個部分。第一部分探討了液滴大小如何影響壓縮乳液的填充微

結構和熱性質。在準備熱力學亞穩乳液時，液滴聚合是一個常見現象，使得研究單

分散壓縮乳液在實驗或模擬中變得困難。在固定體積分數下，乳液的性質隨著液滴

大小而變化，但相關研究有限。本研究使用耗散粒子動力學在無需事先了解微結構

或液滴間的相互作用下，探索高濃度單分散液滴乳液的特性。研究結果顯示，形成

堵塞結構的臨界體積分率約為 0.65。隨著體積分率的增加，平均配位數也增加，可

以用一個簡單的尺度關係式描述。另外，我們亦系統性地研究體積分率、液滴直徑

和界面張力對內能和熱容的影響。發現隨著體積分率和界面張力的增加，以及液滴

直徑的減小，內能和熱容都會增長。尺度分析表明，模擬結果十分符合我們推導的

尺度關係式的預測。 

第二部分研究了含有奈米尺寸液滴的濃縮乳液之固態彈性行為，包括楊氏模

數和體積模數。由於其固態般的行為，高體積分率的濃縮乳液在食品、化妝品、塗

料和製藥等各個行業中有著廣泛的應用。然而，由於液滴的聚合和熱力學不穩定性，

研究單分散濃縮乳液的機械性質是具有挑戰性的。我們採用一種介觀模擬方法來

探索這些性質，並且無需事先得知乳液的微結構。我們研究了體積分率(𝜙)、液滴

直徑(D)和界面張力(𝜎)對楊氏模數(E)和體積模數(K)的影響。當𝜙 < 𝜙c，楊氏模數不

存在，而體積模數隨著𝜙的增加而增加。當𝜙 > 𝜙c，隨著𝜙和𝜎的增加，兩者都會增

加，特別是當液滴直徑減小時會更為明顯。我們的模擬結果顯示楊氏模數(E)和體

積模數(K)能以兩式 E𝜙0.13(𝜙-𝜙c)
1.55(𝜎/D) 和 K𝜙1.06(𝜙-𝜙c)

0.15(𝜎/D)表示。此外，對

於軟材料，彈性模數和體積模數的關係滿足 E=3K(1-2𝜈)，其中泊松比(𝜈)非常接近

0.5，但隨著𝜙的增加仍然略有下降。 

第三部分探討了在石墨烯奈米通道中全潤濕的乙醇之異常滲吸動力學。研究

利用分子動力學探索了乙醇（全潤濕）在石墨烯片上的散擴行為，以及在石墨烯奈
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米通道中的滲吸過程。在散擴動力學中，存在兩個區段：初始由慣性主導的散擴和

之後的黏性散擴，其指數高於坦納定律。全潤濕液體在滲吸動力學中表現出與部分

潤濕液體不同的行為。前驅膜和主流隨著它們的長度與時間的平方根成比例地前

進，前驅膜的比例常數與通道寬度無關，但主流的比例常數隨著通道變寬而減小。

另外，前者的比例常數值較主流的值大。前驅膜的厚度和小於通道寬度的弧面曲率

直徑都隨著通道變寬而增加。在非常狹窄的奈米通道中，前驅膜會融入主流，呈現

出異常快速的滲吸行為。 

第四部分研究了石墨烯奈米通道中通過前驅膜增厚來增強毛細流。由於前驅

膜的存在，全潤濕液體在奈米毛細管中表現出與部分潤濕液體不同的滲吸動力學。

我們使用分子動力學研究了在石墨烯片上全潤濕液體（異丙醇和二甲基甲酰胺）的

潤濕行為以及在石墨烯的奈米通道中的滲吸動力學。自發散擴動力學遵循兩個幂

律，其長期行為符合坦納定律。奈米通道中的滲吸偏離了沃什伯恩方程式，呈現出

一個獨特的雙階段模式，其轉折點與液體類型相關但與通道寬度無關。在第一階段

時，前驅膜的前進速率不隨通道寬度改變而變化。在前驅膜達到通道末端後，第二

階段即開始，前驅膜重新變厚。此增厚程序，減少了膜的弧面曲率，因此增加毛細

驅動力，加速了第二階段的毛細流，所以第二階段的滲吸速率明顯超過第一階段。 

 

關鍵字：單分散濃縮乳液； 尺寸依賴性； 熱性能和機械性能； 奈米毛細管流； 

石墨烯奈米通道； 完全潤濕； 前驅薄膜。 
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Abstract 

This thesis comprises four parts. The first part explores the effect of droplet size on 

the packing microstructures and thermal properties of compressed emulsions. In prepar-

ing thermodynamically metastable emulsions, droplet coalescence is a common issue, 

making it challenging to study monodisperse compressed emulsions either experimen-

tally or through simulations. Properties of emulsions vary with droplet size at a specified 

volume fraction, but relevant studies are limited. Here, dissipative particle dynamics sim-

ulations are used to explore highly concentrated emulsions of monodisperse droplets 

without prior knowledge of microstructure or inter-droplet interactions. The critical pack-

ing leading to the onset of the jammed structure is identified at a volume fraction around 

0.65. The mean coordination number rises with increasing volume fraction and can be 

described by a scaling relation. The effects of volume fraction, droplet diameter, and in-

terfacial tension on internal energy and heat capacity are systematically studied, showing 

growth with increased volume fraction and interfacial tension, and decreased droplet di-

ameter. Dimensional analysis shows that all data points can be well represented by the 

scaling relations derived in this study. 

The second part studies the solid-like elastic behavior, including Young's and bulk 

moduli, of nanosized concentrated emulsions. Concentrated emulsions with high volume 

fractions find applications in various industries like food, cosmetics, coatings, and phar-

maceuticals due to their solid-like behavior. However, studying the mechanical properties 

of monodisperse concentrated emulsions is challenging due to droplet coalescence and 

thermodynamic instability. A mesoscopic simulation method is used to explore these 

properties without prior microstructure knowledge. The effects of volume fraction (𝜙), 
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droplet diameter (D), and interfacial tension (𝜎) on Young’s modulus (E) and bulk mod-

ulus (K) are investigated. Young’s modulus is absent for 𝜙 < 𝜙c, while the bulk modulus 

increases with 𝜙. For 𝜙 > 𝜙c, both moduli grow with 𝜙 and 𝜎, especially as D decreases. 

Our simulation results are represented by E𝜙0.13(𝜙-𝜙c)
1.55(𝜎/D) and K𝜙1.06(𝜙-

𝜙c)
0.15(𝜎/D). Furthermore, the relationship for soft materials E=3K(1-2) is satisfied. The 

Poisson’s ratio ( is very close to 0.5 but still decreases slightly with increasing 𝜙.  

The third part investigates the abnormal wicking dynamics of total wetting ethanol 

in graphene nanochannels. The study explores ethanol's (total wetting) spreading behav-

ior on graphene sheets and the imbibition process in graphene nanochannels using Mo-

lecular Dynamics. In spreading dynamics, two regimes are identified: initial spreading 

dominated by inertia and viscous spreading with an exponent higher than Tanner’s law. 

Total wetting liquid exhibits distinct behavior from partial wetting liquid in imbibition 

dynamics. The precursor film and main flow advance with their lengths proportional to 

the square root of time, but the constant for the precursor film, independent of channel 

widths, is greater than that of the main flow, which decreases with wider channels. Both 

the precursor film thickness and meniscus curvature diameter, smaller than the channel 

width, increase with wider channels. Very narrow nanoslits show surprisingly rapid im-

bibition behavior, with the precursor film blending into the main flow. 

The fourth part examines the enhancement of capillary flow via precursor film thick-

ening in graphene nanochannels. Total wetting liquids exhibit different wicking dynamics 

in nanocapillaries compared to partial wetting liquids due to the precursor film. We in-

vestigate total wetting liquids (isopropyl alcohol and dimethylformamide) on graphene 

sheets and imbibition dynamics in graphene-based nanoslits using molecular dynamics. 
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Spontaneous spreading dynamics follow two power laws, with long-term behavior con-

forming to Tanner’s law. Imbibition in nanoslits deviates from Washburn’s equation, 

showing a unique two-stage pattern with a turning point related to the liquid type, inde-

pendent of channel width. The imbibition rate in the second stage exceeds the first. The 

precursor film's advancing rate remains constant irrespective of the channel width in the 

first stage. After the precursor film reaches the channel's end, the second stage begins, 

and the film re-thickens, reducing meniscus curvature and enhancing capillary flow. 

Keywords: monodisperse concentrated emulsion; size-dependence; thermal and mechan-

ical properties; nanocapillary flow; graphene nanochannels; total wetting; precursor film. 
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Chapter 1 Packing microstructures and thermal prop-

erties of compressed emulsions: effect of droplet size 

 

Abstract 

  In preparing thermodynamically metastable emulsions, the droplets tend to coalesce. 

Consequently, it is difficult to investigate the properties of a monodisperse compressed 

emulsion experimentally or by simulations. At a specified volume fraction, the properties 

of emulsions vary with the droplet size but the relevant studies are very limited. The dis-

sipative particle dynamics simulations are adopted to explore the highly concentrated 

emulsion of monodisperse droplets. Prior knowledge of the microstructure and inter-drop-

let interaction is not required. The critical packing associated with the onset of the jammed 

structure can be identified from the growth of the projected area and perimeter of droplets 

with the volume fraction (), c  0.65. The mean coordination number (Z) from the radial 

distribution function rises with increasing the volume fraction, and can be described by 

the scaling relation (Z-Zc) ~ (-c) with Zc  6.3. The effects of the volume fraction, 

droplet diameter (D), and interfacial tension () on the internal energy (U) and heat ca-

pacity (Cv) are studied systematically. Both U and Cv are found to grow as  and  are 

increased but D is decreased. According to dimensional analysis, all the data points can 

be well represented by the scaling relations (Cv-Cv,c) ~ (-c)
1/3(D) and (U-Uc) ~ (-

c)
1/3(D). 

Keywords: compressed emulsion; monodisperse emulsion; heat capacity; coordination 

number; scaling relations. 
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1-1 Introduction 

    An emulsion contains droplets of one liquid dispersed in a second immiscible liquid 

which is a continuous phase [1]. It is a metastable system and droplet coalescence is im-

peded by surfactant molecules located at the interface [2]. As the volume fraction of the 

dispersed phase exceeds about c  0.64, the droplets become crowded and their shapes 

are deformed from sphere to polyhedron [3-5]. Nonetheless, the dispersed phase is still 

separated by thin films of the continuous phase. This concentrated system has a large 

volume of internal (dispersed) phase and is often referred to as high internal phase emul-

sion (HIPE) [6-9]. For example, the sunflower oil droplets with a 0.94 volume fraction 

can be stably dispersed in an aqueous solution containing xanthan gum and Tween 20 

[10]. Although HIPE is comprised solely of fluids, its rheology is highly unusual and can 

exhibit elastic behavior at small deformation like solids because of the high degree of 

crowding. The structural disorder of the droplets is reminiscent of a glass state [1, 11].  

    HIPE is also called the highly concentrated or compressed emulsion and has the 

characteristics of kinetic stability and mechanical strength [12, 13]. The applications of 

concentrated emulsions include foods, cosmetics, coatings, paints, and pharmaceuticals 

[14-17]. It can be considered as the solid-like colloidal suspension with the isotropic dis-

ordered nonergodic state. The characteristic length of the highly concentrated emulsion 

is the order of the inter-droplet distance beyond which the static inhomogeneity vanishes. 

Different from the network gel structure, the elasticity of the concentrated emulsion is 

originated from the caging (jamming) effect [12]. That is, the constituent droplets of the 

emulsion are in close contact with each other and the entire system experiences a dynamic 

arrest. The jamming transition emerging beyond the critical concentration of random 

close packing can be viewed as a phase transition [18]. 
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  The detailed structure of a compressed emulsion is difficult to analyze directly in ex-

periments. Recently, the raw image of a plane in the bulk of polydisperse emulsions was 

acquired by laser-scanning confocal microscopy with the fluorescent dye. The droplet 

positions of the marginally jammed system were then reconstructed three-dimensionally 

by the sphere-matching method. Consequently, the structural characterization of jammed 

packings can be obtained, including the mean number of neighbors and the radial distri-

bution function g(r) [19]. 

The physical properties of concentrated emulsions vary significantly with the vol-

ume fraction (ϕ) of the dispersed phase. In addition, it is found that the properties such as 

heat capacity (Cp) and viscosity depend on the size of the droplets (D) significantly in 

experiments [20-22]. Although the thermophysical property of emulsions was seldom 

studied, the heat capacity of the concentrated castor oil-in-water emulsions was investi-

gated by differential scanning calorimetry measurement at different emulsification times 

[23, 24]. It is found that the specific heat capacity varies with the surface-to-volume ratio 

which increases with the emulsification time. In other words, the specific heat capacity 

grows with the increment of the interfacial area, corresponding to the reduction of droplet 

sizes at a given ϕ [20].  

Highly concentrated emulsions are metastable systems but the spontaneous coales-

cence between droplets can be impeded by the surfactant layers at the liquid-liquid inter-

faces. In experimental studies, it is a challenge to acquire concentrated emulsions with a 

uniform size of droplets. Because of the limitation of preparation techniques and droplet 

coalescence, the droplet size distribution of the emulsion is generally very broad. As result, 

the dependence of the emulsion properties on the droplet size is difficult to be accurately 

investigated from experiments. In contrast, in molecular simulation studies, the droplet 

size can be easily controlled and thus systematic studies of the influences of droplet size 
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and volume fraction may be achieved. However, in previous simulation studies, the coa-

lescence between droplets is difficult to prevent and the size of the simulated system lim-

its the number of droplets, leading to the inaccuracy of simulation results.  

Until now, there are few simulation studies on highly concentrated emulsions.  Typ-

ically, droplets in emulsions were modeled as assemblies of particles interacting via har-

monic pair-potentials to form spring networks [1, 25, 26]. Because of the limitation of 

accurate knowledge of microstructures of concentrated emulsions, simple simplifications 

such as the local coordination number and minimum separation distance are often made 

[27]. Recently, the microstructure of marginally jammed polydisperse packings has been 

modeled and agrees excellently with 3D micrographs from experiments on jammed emul-

sion droplets [19]. In this work, prior knowledge of the microstructure and inter-droplet 

interaction is not required, and the highly concentrated emulsion of monodisperse drop-

lets, whose coalescences are prevented, will be developed in dissipative particle dynamics 

(DPD) simulations. At a specified volume fraction ( > c), the structure evolves toward 

quasi-equilibrium and the deformed droplets are randomly dispersed in the continuous 

solvent without controlling the coordination number and minimum separation distance. 

At quasi-equilibrium, the packing microstructure and thermodynamic properties can be 

examined. The influences of the volume fraction, droplet size, and interfacial tension are 

then explored systematically.  

 

1-2 Method 

  DPD simulation which is similar to molecular dynamics (MD) is a coarse-grained ap-

proach and can overcome the time and space scale limitation in MD [28-32]. A DPD bead 

with mass m comprises a few atoms or molecules and its motion obeys Newton’s equation 

of motion [33]. The interactions between DPD beads are soft and repulsive and generally 



doi:10.6342/NTU202404382

5 
 

contain three types of pairwise-additive and short-ranged forces: conservative force (Fij
C), 

random force, and dissipative force [34, 35]. The equilibrium state is controlled by the 

conservative force, Fij
C = aij(1 - rij / rc)r̂ij, which vanishes as rij > rc. aij is the interac-

tion parameter which determines the maximum repulsion. Here rij represents the dis-

tance between the beads i and j, r̂ij the unit vector along the line joining them, rc the 

interaction range. The random force is adopted to control the system temperature T and 

related to the dissipative force so that the fluctuation-dissipation relation is satisfied [28, 

30, 36, 37]. In our simulations, all the mass, length, and energy are nondimensionalized 

by m, rc, and kBT, where kB denotes the Boltzmann constant.  

   In this work, the emulsion system contains droplets of the same size dispersed in the 

continuous phase. Without loss of generality, monodisperse oil droplets are randomly dis-

tributed in the water phase initially. For the same types of beads, the interaction parameter 

aii is chosen as 25, for example, aoo = aww = 25 for both oil (o) and water (w) phases. For 

different types of beads, aij deviates positively from 25 as the incompatibility increases. 

The interaction parameter between the oil and water phases affects their interfacial ten-

sion () and is assumed as aow = 50~80. For example, as aow=50, and aow=70, 

The thermodynamic instability of emulsions (coalescence of droplets) is gener-

ally hindered by the addition of surfactant. However, in this study, the emulsion stability 

is ensured by introducing a very strong repulsion (e.g., 𝑎𝑜𝑜
∗ = 3000) between two touch-

ing oil droplets. This assumption is very similar to the strong repulsion between the sur-

factant layers adsorbed on the two droplets nearly in contact. Note that the simulation 

result is not sensitive to the value of 𝑎𝑜𝑜
∗  as long as the coalescence can be prevented 

even in the compressed emulsion. As a result, the deformable droplets remain monodis-

perse throughout the simulations and all of them contain the same number of DPD beads. 

  The emulsion was simulated in a cubic box with V = (32.2)3 under periodic boundary 
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conditions subject to the NVT ensemble (constant bead number, simulation box volume, 

and temperature). The number densities of both dispersed and continuous phases were 

approximately   3 and the total number of DPD beads was N = 100000 [30]. The equa-

tion of motion was integrated by the velocity Verlet scheme, and the time increment was 

set as t = 0.01. The system temperature was always maintained at unity. It took about 3 

× 106 steps for the jammed system to reach the quasi-equilibrium state. The volume frac-

tion () of the dispersed (oil) phase was defined as the ratio of the total beads in the 

dispersed phase to those in the system, and it ranged from  to . The typical 

snapshots of the emulsion systems were given in Figure 1-1 for various volume fractions. 

The structural characteristics (e.g., the radial distribution function) and thermodynamic 

properties (e.g., heat capacity) were calculated for quasi-equilibrium emulsions with dif-

ferent volume fractions (), interfacial tensions (), and droplet sizes (D).  

 

     

Figure 1-1. Snapshots of emulsions at different volume fractions  = 0.25 - 0.9. The 

droplets are colored, while the continuous phase is represented by white beads. 

 

The average diameter of the droplet (D) was determined from a few images in the 

dilute limit where the droplets are nearly spherical, and it was slightly greater than 

[no/(/6)]1/3, where no denotes the number of DPD beads in a droplet. Note that the 

droplet size (D) can be adjusted by varying no. For example, as no =600 , D = 7.57 and no 

=1000 , D = 9.27. The average project perimeter (P) and area (A) of the deformed droplet 

 = 0.25 0.6 0.7 0.9 
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were estimated from a few snapshots over several projections. The structure of a com-

pressed emulsion which is closely associated with the dispersed phase is often realized 

by the radial distribution function g(r), which described how the droplet density varies as 

a function of the distance from one particular droplet [38, 39]. The radial distribution 

function of monodisperse droplets is defined as 

g(r) = (
dn(r)

4π((r + dr)2 - r2)
) / 𝜌𝑑 ,                                         (1) 

where dn(r) represents the number of droplets whose centers of mass are located at a 

distance between r and r + dr from the center of the specified droplet and 𝜌𝑑 denotes 

the bulk droplet density which varies with the volume fraction () and droplet size (D). 

The mean coordination number (Z) depicts the average value of the number of the nearest 

neighboring droplets and it is linked to g(r) directly.  

 

1-3 Results and discussion 

The compressed emulsion in which the volume fraction of the dispersed phase exceeds 

the critical value (c = 0.60 ~ 0.65) is investigated. In our simulations, the emulsion is 

always monodisperse and stable because the coalescence between any pair of droplets is 

completely prevented. The function of the emulsifier which is required to obtain metasta-

ble emulsions is simply replaced by the strong short-ranged repulsion between two drop-

lets. Phase inversion which occurs in microemulsions will not take place by adjusting the 

oil-water ratio. After reaching equilibrium, the microstructure of the jammed system can 

be analyzed thoroughly and the internal energies can be calculated in details, including 

those of dispersed phase, continuous phase, and interphase. In this study, both phases are 

formed by simple liquids such as water and alkane. However, the general influences of 

the volume fraction, interfacial tension, and droplet size on the behavior of the com-

pressed emulsions are demonstrated and not limited to specific emulsions indicated by 
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the earlier reports [40-42].  

1-3-1 Structure of compressed emulsions 

  Although the droplet shape fluctuates persistently and the random motion is frequent 

in the continuous phase, the packing structure of the emulsion can be analyzed statistically. 

The representative shapes of the droplets which are in the quasi-equilibrium state are 

demonstrated in Figure 1-2(a) for  = 0.85, D = 18.1, and = 3.20.  

The perimeter and area of the chosen droplets at different times are determined. Note that 

the perimeter (P) and area (A) are dimensionalized by those of the spherical droplet in the 

dilute limit (e.g.,  = 0.1). As the volume fraction is high, the droplet shape deviates from 

the sphere evidently and both P and A exceed unity. Some images look like a hexagonal 

structure. Because of jamming, the mean perimeter and area of a droplet are expected to 

vary with the volume fraction. Figure 1-2(b) shows the variations of P and A with  from 

0.1 to 0.95 and the turning points corresponding to the onset of jamming are found to 

appear at c0.65. The perimeter and area were averaged over 100 samples acquired 

every 1000 time steps. As c, the slow increment of P and A is accompanied by the 

shape deformation caused by more collisions between droplets at higher . The shape 

deformation grows more significantly with increasing c, leading to the rapid rise of 

P and A.  
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(a) Typical projected shapes of the droplet  

Perimeter(P)  1.04 1.04 1.03 1.02 

Area (A) 1.07 1.06 1.06 1.07 

Snapshot 

 

(t = 30000) 

 

(t = 28000) 

 

(t = 25000) 

 

(t = 24000) 

 

(b) Effect of the volume fraction  

 

 

Figure 1-2. (a) The dimensionless projected perimeter (P) and area (A) associated with 

the typical droplet shown in the snapshots for  = 0.85, D = 18.1, and = 3.20. P and A 
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are scaled by those of droplets in the dilute limit. (b) The variation of the mean perimeter 

and area with the volume fraction. The turning point gives the critical volume fraction 

c0.65. 

 

  The microstructure of the compressed emulsion can be realized by the radial distribu-

tion function g(r), which depicts the probability of finding a droplet from the reference 

droplet over various displacements. The typical g(r) of = 0.8 for D = 7.57 and = 3.20 

is illustrated in the inset of Figure 1-3. The first peak is located at r = 6.75, which is less 

than D = 7.57, indicating that droplets are crowded and deformed significantly. Because 

of the deformable nature of the droplet and nearly incompressible condition, g(r) drops to 

zero between the first and second peaks. The influence of the volume fraction  on the 

position of the first peak is shown in Figure 1-3. As  is decreased, the position of the first 

peak is generally increased and close to the droplet diameter D. This consequence can be 

understood from the fact that lower volume fractions yield less jammed configurations.   
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Figure 1-3. The short-range radial distribution function g(r) for the monodisperse com-

pressed emulsions with D = 7.57 and = 3.20 at volume fractions from 0.65 to 0.95. In 

the inset, the typical radial distribution function g(r) for = 0.8 is demonstrated. 

 

  The distribution of the distance between the centers of two neighboring droplets is 

closely related to the first peak of g(r). Note that two neighboring soft droplets do not 

necessarily contact each other in the compressed emulsion. A representative cross-section 

picture is demonstrated in Figure 1-4, and it shows that the centered droplet is either in 

direct contact with the nearby droplet or separated from the neighboring droplet by a thin 

water layer. The mean distance rm and standard deviation (SD) are expected to vary with 

the volume fraction. As anticipated, Figure 1-4 with D = 7.57 shows that the mean dis-
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tance declines with increasing . However, the standard deviation of the distance distri-

bution is found to grow with increasing , as depicted in the inset. This result reveals that 

the greater shape deformation associated with larger  leads to the wider distribution of 

the distance between neighboring droplets. Since the standard deviation is much smaller 

than the droplet size, the nearly incompressible condition is still fulfilled.  


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r m
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S
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Figure 1-4. The mean distance between two neighboring droplets (rm) is plotted against 

the volume fraction at D = 7.57 and = 3.2. The lower inset shows the standard deviation 

(SD) of the distribution of the interdroplet distance. In the upper inset, the snapshot illus-

trates the neighboring droplets surrounding the central droplet. 

 

  The feature of the first shell around a center droplet can be described by the coordina-

tion number, which varies with the position and depends on the volume fraction as well. 
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Figure 1-5(a) demonstrates the probability distribution of the coordination number (Z) for 

different values of  with D = 7.57. As  is increased, the distribution shifts to the large 

Z and becomes narrower. The largest coordination number can reach 18 at  = 0.95. As 

shown in Figure 1-5(b), the mean coordination number (Z) grows with increasing  and 

the turning point can be identified at c = 0.65, corresponding to the onset of droplet 

jamming. For  > c, the rapid rise of Z is accompanied with serious shape deformation. 

The relation between the mean coordination number and volume fraction may be depicted 

by the power law (Z - Zc) ~ (-c), where Zc is Z at  = c. The inset of Figure 

1-5(b) shows a linear line with the slope  = 0.82 in the logarithmic plot of (Z - Zc) against 

(-c) for  > c, which is slightly greater than the value reported in literature 0.5 ob-

tained soft sphere simulations based on the network spring model [27]. 

 

(a) Distribution of the coordination number 
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(b) Effect of the volume fraction  
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Figure 1-5. (a) The probability distribution of the coordination number (Z) with D = 7.57 

and  = 3.20 for different values of . The sum of the distribution equals unity. (b) The 

variation of the mean coordination number (Z) with the volume fraction. In the inset, (Z 

- Zc) is plotted logarithmically against (-c) and the data points can be represented by 

the linear line with the slope of 0.82. 

 

1-3-2  Internal energy and heat capacity  

In previous simulation studies [1, 27], the internal energy of the compressed emul-

sion which is a disordered droplet packing has been modeled as a system of soft spheres 

which interact with their nearest neighbors. The repulsive central-force potential such as 

harmonic-spring potential is frequently adopted to reflect the behavior of facets. As a 

result, the details of the shape response to deformation and the coupling between different 

facets on each droplet are ignored. Based on the average coordination number and a single 
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effective potential, the internal energy of the system becomes tractable, as the forces act-

ing on each droplet are balanced. In this work, however, the stable compressed emulsion 

is simulated without assuming the interdroplet interaction potential. As the droplets are 

compressed, the changes in interfacial energy are accounted for directly and the effects 

of the volume fraction, droplet size, and interfacial tension on the internal energy can be 

calculated.  

The internal energy (U) of the emulsion is separated into three contributions: dis-

persed phase (Ud), continuous phase (Uc), and interface (Ui). The total energy of the sys-

tem is U = Ud+Uc+Ui where Ui represents the sum of the pair potentials between oil and 

water beads at contacts. The internal energy per bead is denoted by Uk (k=c, d, or i) and 

Ui is Ui divided by the number of beads in the dispersed phase which are in contact with 

the continuous phase. Figure 1-6 shows the variation of the internal energy with the vol-

ume fraction of the dispersed phase for the droplet diameter D = 9.27 and interfacial ten-

sion Evidently, near the critical volume fraction, Uc decreases fast while Ui as-

cends rapidly. Without loss of generality, the continuous phase is assumed as water and 

the dispersed phase is oil for simplicity. As c is increased, the average number of oil 

beads in contact with each water bead rises, leading to the rapid growth of Ui. In contrast, 

the number of water-water pairs per water bead decreases accordingly, resulting in the 

sharp decrement of Uc. In addition to the changes of Ui and Uc, Ud is also found to vary 

with as shown in the inset of Figure 1-6. For c, the linear increase of Ud with is 

associated with the growth of the osmotic pressure. For c, the increment of Ud is 

attributed to the internal pressure buildup due to the jamming structure. The turning point 

at c reflects the two different mechanisms. Note that the contribution of direct con-

tacts between two droplets to the total internal energy is negligible (about 0.08%). 
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Figure 1-6. The variation of the internal energy associated with the continuous phase (Uc) 

and interface (Ui) with the volume fraction for D = 9.27 and . In the inset, the 

internal energy of the dispersed phase (Ud) is plotted against the volume fraction. 

 

  In addition to ϕ, the internal energy per bead (U) of the compressed emulsion depends 

on and D as well. Figure 1-7(a) shows the variation of the internal energy contributions 

with the interfacial tension at the volume fraction ϕ = 0.8 and droplet size D = 8.6. As  

is increased, the water bead disfavors the oil bead more, facilitating the contacts between 

water beads. Therefore, Ui (interface) decreases but Uc (water phase) ascends. Besides, 

Ud (oil phase) is also found to grow with increasing . This result is accompanied by the 
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increment of the pressure inside the droplet based on the Young-Laplace equation (Pd = 

Pc + 4σ/D). Figure 1-7(b) shows the variation of the internal energy contributions with 

the droplet diameter (D) at ϕ = 0.8 and σ = 3.20. As D is decreased from 17.21 to 6.83, 

the interfacial area increases, and therefore Ui grows accordingly. It is somewhat surpris-

ing to find the increment of Ud and the slight decline of Uc with decreasing the droplet 

size. According to the Young-Laplace equation (∆P = 4σ/D), either Pd (dispersed phase) 

ascends or Pc (continuous phase) descends, as D is decreased [43-45]. The rise of Pd re-

sults in the decrease of the mean distance between beads, leading to the growth of Ud. In 

contrast, the fall of Pc gives the decrease of Uc.  
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(b) Effect of the droplet size 
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Figure 1-7. (a) The variation of the internal energy (Uc, Ud, and Ui) with the interfacial 

tension for ϕ = 0.8 and D = 8.6. (b) The variation of the internal energy with the droplet 

size for ϕ = 0.8 and σ = 3.20. 

 

The heat capacity Cv is important for applications involving heating or cooling pro-

cesses, and it describes the amount of thermal energy required to raise the temperature of 

the system by one degree. However, very few studies report the thermophysical property 

such as heat capacity of emulsions. By using a differential-scanning-calorimetry tech-

nique, the specific heat capacity of highly concentrated castor oil-in-water emulsions 
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(more than 90% oil) was obtained [20]. It is found that at a given composition, the heat 

capacity grows with the emulsification time which affects the mean droplet size. Short 

emulsification times give more polydisperse emulsions with bigger droplets. That is, the 

heat capacity of emulsions varies with the emulsion morphology or mean droplet size 

[20]. This result is interesting because the thermophysical property of a mixture is gener-

ally expected to depend on the composition only. To eliminate the effect of polydispersity, 

concentrated emulsions of monodisperse droplets are considered to evaluate the internal 

energies and specific heat capacities in our simulations. 

 

    The specific heat capacity can be determined by the fluctuation of the internal energy 

[46],  

Cv= (
∂𝑈

∂T
)

V
=

〈𝑈2〉-〈𝑈〉2

kBT2 .                                                (2) 

U2 and U are recorded every 100 DPD steps during the simulation. According to the re-

sults of the internal energy, the heat capacity of the emulsion system has to vary with the 

droplet size (D) and interfacial tension (σ) as well, in addition to the composition (ϕ). As 

demonstrated in the inset of Figure 1-8, U grows with increasing the volume fraction (ϕ) 

for D = 7.57 and σ = 3.20. It seems that there exists a turning point at ϕ  0.65 although 

the difference between the slopes (0.72 and 0.82) is not significant. The transition from 

the free movement of droplets to the jammed structure is more eminent in the plot of the 

heat capacity against the volume fraction (Figure 1-8). The sharp change of Cv for D = 

7.57 can be clearly seen in the regime  = 0.6~0.7, indicating the structural transition 

associated with the emergence of the jamming.  
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Figure 1-8. The heat capacity Cv is plotted against the volume fraction for D = 7.57 and 

 = 3.20. The inset shows that the internal energy per bead (U) is plotted against the 

volume fraction. 

 

  Because the internal energy is a function of U(,,D), the heat capacity is also a func-

tion of Cv(,,D). The variation of Cv with  for  and D = 8.6 is illustrated in the 

inset of Figure 1-9. Obviously, Cv grows linearly with although the interfacial interac-

tion energy Ui decreases with increasing  (see Figure 1-7(a)). In fact, U is also found to 

grow linearly with , indicating that Uc and Ud dominate the change of U with . The 

variation of Cv with 1/D for  and  = 3.20 is shown in Figure 1-9. Again, Cv grows 

linearly with1/D, which is consistent with the decrement of Ui and Ud with D (see Figure 
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7(b)). Note that U grows linearly with D, revealing that Ui and Ud dominate the change 

of U with D. Because the interfacial area increases and the buildup of the Laplace pressure 

with 1/D, Ui, and Ud prevail over the linear change of Uc with 1/D. The results shown in 

Figure 1-9 for demonstrate that Cv is proportional to both  and 1/D for c. 

Moreover, it is not surprising to observe that U is proportional to both  and 1/D for c 

as well.  
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Figure 1-9. The heat capacity (Cv) is plotted against the reciprocal of the droplet size (1/D) 

for  and  = 3.20. The inset shows that the heat capacity (Cv) is plotted against the 

interfacial tension for  and D = 8.6. 

 

  U and Cv are a function of ,  and D because of the existence of the interfaces in 

emulsions. The above findings and dimensional analysis reveal that Cv and U may be 
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a linear function of D, where the density is  = 3 in this work. Figure 1-10(a) shows the 

variation of Cv and U with D for different combinations of andD at  = 0.8. All data 

points are collapsed reasonably into a single line, indicating the linear relationship be-

tween Cv (or U) and D. The dependence of the physical quantities on  for compressed 

emulsions are often described by (-c) [1, 3, 47]. As a result, the contribution at = 

c must be eliminated and the relations between U = U() - U(c) or Cv = Cv() – Cv(c) 

and  are considered. Figure 1-10(b) shows the plots of Cv/(D) and U/(D) against 

(-c)
1/3 for various combinations of ,  and D. Again, all data points are collapsed 

reasonably into a single line, revealing that Cv and U are linearly proportional to (-

c)
1/3(D).  
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(b) Function of (-c) 
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Figure 1-10. (a) The plots of Cv and U against D for various combinations of andD 

at  = 0.8. (b) The plots of Cv/(D) and U/(D) against (-c)
1/3 for various combi-

nations of ,  and D. All data points can collapse into a linear line reasonably. 

 

1-4 Conclusion  

  The emulsion is thermodynamically metastable because the droplets stabilized by ad-

sorbed surfactant tend to coalesce with time. As a result, it is difficult to investigate the 

properties of a monodisperse compressed emulsion experimentally or by simulations. 

Even subject to a specified volume fraction, the influence of the droplet size is significant 

but still not clear. In this work, DPD simulations are employed to study the compressed 
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emulsion in which the monodisperse droplets are jammed but their coalescences are com-

pletely prevented. At quasi-equilibrium, the microstructures of the compressed emulsions 

are examined for various volume fractions (). By analyzing the growth of the projected 

area and perimeter of droplets with , the critical volume fraction corresponding to the 

turning point is identified as c  0.65. Moreover, the radial distribution function and the 

coordination number from a reference droplet are acquired. As the volume fraction in-

creases, it is found that the mean coordination number (Z) rises and can be described by 

the scaling relation (Z - Zc) ~ (-c) with Zc  6.3.  

  The internal energy per bead (U) and heat capacity (Cv) of compressed emulsions are 

evaluated as well and the effects of the volume fraction, droplet diameter (D), and inter-

facial tension () are examined. To analyze the underlying mechanism, U is separated 

into three contributions: continuous phase Uc, dispersed phase Ud, and interface Ui. As  

is increased or D is decreased, U rises because both Ud and Ui increase. The increment of 

Ud is associated with the buildup of the Laplace pressure, while the increment of Ui is 

accompanied with the growth of the interfacial area. As  is increased, U ascends but Ui 

is found to decay surprisingly. The change in U is attributed to the growths of both Ud and 

Uc associated with the increment of the Laplace pressure. The dependence of the heat 

capacity on , D, and  is the same as the internal energy. According to the dimensional 

analysis, all the data points can be well represented by the scaling relations (Cv – Cv,c) ~ 

(-c)
1/3(D) and (U - Uc) ~ (-c)

1/3(D). In addition to structural and thermody-

namic properties, our new simulation approach can be applied to explore the mechanical 

and viscoelastic properties of compressed emulsions, which are currently under study.  
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Chapter 2 Solid-like elastic behavior of nanosized con-

centrated emulsions: size-dependent Young’s and bulk 

moduli  

 

Abstract 

  Concentrated emulsions with volume fractions exceeding the critical value have di-

verse applications in foods, cosmetics, coatings, and pharmaceuticals. They have a 

jammed structure and tend to exhibit a solid-like behavior. Unfortunately, the mechanical 

properties of monodisperse concentrated emulsions are challenging to study by experi-

ments or simulations because of thermodynamic instability and droplet coalescence. A 

mesoscopic simulation method is employed to study the mechanical properties of the 

concentrated emulsion. Knowledge of the microstructure and interdroplet interaction 

among monodisperse droplets is not a prerequisite. Effects of the volume fraction (), 

droplet diameter (D), and interfacial tension () on Young’s modulus (E) and bulk mod-

ulus (K) are investigated systematically. For <c, Young’s modulus is absent and the 

bulk modulus rises with increase . For >c, both Young’s and bulk moduli are found to 

grow with increasing  and . However, these solid-like properties become more promi-

nent as D is decreased. On the basis of the interfacial energy per unit volume, our simu-

lation results can be well represented by the relations E~(-c)
1.55D) and 

K~(-c)
0.15D). Moreover, the relationship for soft materials E=3K(1-2) is satis-

fied. The Poisson’s ratio ( is very close to 0.5 but still decreases slightly with increasing 

. 

Keywords: monodisperse concentrated emulsion; Young’s modulus; bulk modulus; size-

dependence; jammed structure; interfacial tension. 
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2-1 Introduction 

  An emulsion contains two immiscible liquids in which droplets of one liquid (dispersed 

or internal phase) are dispersed in another liquid (continuous phase) [1-3]. The system is 

unstable and can become metastable through the addition of surfactants [2, 4]. As the 

volume fraction of the dispersed phase exceeds the limit of close packing, the droplets 

are packed together tightly, and the system is called concentrated emulsion or high inter-

nal phase emulsion (HIPE) [5]. For monodisperse droplets, the critical volume fraction to 

develop concentrated emulsions is about 0.74 for the closest packing and 0.64 for random 

packing [5-8]. The droplets in a concentrated emulsion are jammed and generally adopt 

polygonal shapes [9, 10]. As a result, the concentrated emulsion exhibits a solid-like be-

havior, and its disordered structure is reminiscent of a glass state [11-13]. HIPE has a 

wide range of applications in cosmetic and pharmaceutical industries[14, 15], and it is 

able to impede sedimentation or creaming because of its jammed structure preventing 

downward or upward movements of droplets [6, 16]. 

  In concentrated emulsions, the typical work required to adjust the packing structure or 

alter the positions of the jammed droplets is large compared to the thermal energy [17]. 

That is, the concentrated emulsion is arrested in a metastable state subjected to external 

work such as compression, and thus it can withstand the applied stress [17, 18]. Because 

the mechanical work is not converted to kinetic energy, it is actually stored in the interfa-

cial energy. The ability to store the input work through the deformation of a solid is rep-

resented by the elasticity, and it is generally indicated by Young’s modulus, which can be 

acquired from the stress-strain curve. By using the texture analyzer in parallel plate ge-

ometry for uniaxial compression, the stress-strain curves of compressed sunflower oil-in-

emulsions were obtained [19]. During the compression treatment, the droplet size distri-

bution did not change significantly because droplet coalescence is weak. Although the 
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emulsions were polydisperse, Young’s moduli were found to grow with increasing the 

volume fraction of droplets but decreasing the average diameter. 

  Young’s modulus characterizes the response (strain) of a substance to normal compres-

sion as the force is applied lengthwise [20]. As a substance is under pressure on all sur-

faces, its volume is reduced but recovered when the applied pressure is removed. The 

bulk modulus (K) measures the resistance of a material (solid or fluid) to compression 

and expresses the change in density as external pressure is applied. It represents the rigid-

ity of the material and the speed of transmission of pressure waves [21]. The inverse of 

K is often referred to as isothermal compressibility. Evidently, the substance with a large 

bulk modulus (small compressibility) is difficult to compress [22]. For a fluid, Young’s 

modulus is absent, and only the bulk modulus is meaningful [23]. However, for a solid, 

there exists a relation between Young’s modulus and bulk modulus by Poisson’s ratio, 

which is a measure of the deformation of a substance in directions perpendicular to the 

specific direction of loading. Poisson’s ratio () is specified as the negative of the trans-

verse to axial strain ratio, and its value generally ranges between 0 and 1/2 [24]. The 

incompressible isotropic material, which deforms elastically at infinitely small strains, 

gives  = 0.5. For soft materials like rubber, Poisson’s ratio is near 0.5 [25].  

Highly concentrated emulsions display a behavior distinctly different from typical liq-

uid-like emulsions because of the jammed structure. The mechanical properties of con-

centrated emulsions are important in their applications and processing but difficult to 

measure in experiments due to their soft nature. In this work, the solid-like elastic behav-

ior of concentrated emulsions is explored by dissipative particle dynamics (DPD) simu-

lations. Prior knowledge of the microstructure of emulsions and interdroplet interactions 

is not required. The influences of the droplet size, the volume fraction of the dispersed 

phase, and the interfacial tension on the mechanical properties of concentrated emulsions, 
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including Young’s modulus and bulk modulus, will be systematically investigated. Finally, 

the scaling law between the property and the influencing factors is proposed, and the 

relationship between the two moduli (E and K) is examined based on Poisson’s ratio. 

 

2-2 Simulation method 

  Dissipative particle dynamics (DPD) is a mesoscale simulation. Every DPD bead com-

bines atoms or molecules into a distinct coarse-grained element with mass m, and it obeys 

Newton’s equation of motion [26-29]. DPD inherits some of the detailed descriptions of 

molecular dynamics but allows the simulation for much larger system sizes and up to the 

microsecond range. The interaction between a pair of DPD beads is soft, short-ranged, 

and pairwise-additive. It generally consists of three forces: conservative (Fij
C), dissipative 

(Fij
D), and random forces (Fij

R) [30, 31]. The equilibrium state is governed by the conserva-

tive force, Fij
C = aij(1 - rij / rc)r̂ij  for rij < rc , which becomes zero as rij > rc  [16, 32]. 

The interaction parameter aij denotes the maximum repulsion and rij is the distance be-

tween the beads i and j. rc  represents the interaction range and r̂ij  is the unit vector 

along the line joining the beads i and j. Fij
D and Fij

R between the beads are brought in to 

describe the hydrodynamic behavior, and the local momentum conservation law is ful-

filled [33]. The aforementioned forces have the same interaction range rc. All variables 

in our simulations are non-dimensionalized. The mass, length, and thermal energy are 

scaled by m, rc, and kBT, respectively. 

In our work, the emulsion system comprises droplets of the same size dispersed in the 

continuous phase. Monodisperse droplets (e.g. oil) are randomly distributed in another 

liquid phase (e.g. water). The value of aij is always set as 25 for the same types of beads; 

for example, aww = aoo = 25 for both water (w) and oil (o) phases. As the incompatibility 

between the beads i and j grows, aij is increased [34]. The interfacial tension () between 
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the oil and water phases is affected by the interaction parameter aow, which is assumed in 

the range of 50 ~ 80. The emulsion is thermodynamically unstable, but it can be main-

tained at the metastable state by preventing the coalescence of droplets by virtue of the 

addition of surfactants [2, 35, 36]. The stability of the emulsion is guaranteed by giving a 

strong repulsion (such as a*
oo = 2000) between two contacting droplets. This setting is 

equivalent to the strong repulsive interaction between the layers of surfactants adsorbed 

on the surface of the two close contact droplets in experiments [37]. Consequently, the 

deformable droplets which have the same number of DPD beads are in a stable and mon-

odisperse state throughout the simulation. 

First, the equilibrium state of the concentrated emulsion was conducted in the canonical 

ensemble (constant number of beads N, simulation box volume V, and temperature T). 

The cube box with V = (32.2)3 was used, and the total number of DPD beads in the sim-

ulation system was N = 105. Thereby, the number densities of both dispersed and contin-

uous phases are   3. The temperature of the system was always kept at unity (kBT = 1). 

The equation of motion was integrated by using the velocity Verlet scheme with the time 

increment Δt = 0.01. To reach the quasi-equilibrium state of the jammed system, at least 

3 × 106 steps were run. The volume fraction of the dispersed phase () is the ratio of the 

total beads in the dispersed phase to those of the overall system (N).  is ranged from 

to . In the inset of Figure 2-1, a typical snapshot of a concentrated emulsion is demon-

strated. The solid-like elastic properties (e.g., the Young’s and bulk moduli) of concen-

trated emulsions were evaluated from the quasi-equilibrium systems for different volume 

fractions, interfacial tensions, and droplet sizes. 

The mechanical responses of concentrated emulsions (Young’s and bulk moduli) were 

determined by the following procedures. For Young’s modulus (E), non-equilibrium elon-
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gation was performed by a uniaxial deformation on the simulation box under the canoni-

cal ensemble (NVT) [38]. The box size is increased in the x direction at a constant engi-

neering strain rate (ΔL per time step), and it is decreased in the y and z directions simul-

taneously to maintain a constant volume and  = 3 [39]. The average stress () in the x 

direction was then evaluated by the deviatoric part of the pressure tensor, 

   = 3(- Pxx + P) / 2,                                                 (1) 

where P = k Pkk / 3 is the equilibrium pressure [38, 39]. The stress-strain relation was 

obtained to determine Young’s modulus at small deformations. For bulk modulus (K), the 

isothermal-isobaric ensemble (NPT) was adopted to reach the equilibrium state. At con-

stant pressure, the instantaneous volume fluctuations of the concentrated emulsion system 

were monitored. The bulk modulus can be acquired by  

  K =
⟨𝑉⟩𝑘𝐵𝑇

⟨𝑉2⟩−⟨𝑉⟩2,                                                      (2) 

where ⟨𝑉⟩ and ⟨𝑉⟩2 denote the mean values of V and V2 recorded every 100 DPD steps 

during the simulation, respectively [40]. Periodic boundary conditions are always im-

posed on each simulation system in the x, y, and z directions.  

The interfacial tension  between two immiscible phases can be determined by Irving-

Kirkwood expression [41-43]. Consider an oil layer placed in the middle of the simulation 

box which contains water. The oil-water interface was perpendicular to the z-direction. 

After obtaining the diagonal components of the pressure tensor Pkk, the interfacial tension 

is calculated by  = [Pzz-(Pxx+Pyy)/2](Lz/2). The factor of 1/2 associated of Lz is because 

of the two interfaces in the system. Note that interfacial tension (σ) and Young’s modulus 

(E) are non-dimensionalized by kBT/rc
2 and kBT/rc

3, respectively. 

 

2-3 Results and discussion 



doi:10.6342/NTU202404382

37 
 

Since the coalescence between any two droplets is prevented, the monodisperse con-

centrated emulsion is stable. As the volume fraction of the dispersed phase exceeds the 

critical value (c  0.65), concentrated emulsions are generally regarded as solid-like liq-

uids. Therefore, they tend to exhibit elasticity and viscoelasticity. In this work, the effects 

of the volume fraction, droplet size, and interfacial tension on Young’s modulus (E) and 

bulk modulus (K) are investigated. The volume fraction varies from  = 0.1 to 0.95, the 

droplet diameter is in the range of D = 6.83 - 17.21, and the interfacial tension between 

the dispersed and continuous phase is altered from  = 2.02 to 3.59. The ranges of , D, 

and σ are not specially selected. However, the droplet diameter (D) is limited by the size 

of the simulation system and the interfacial tension (σ) is constrained by the interaction 

parameter aij. 

2-3-1 Young’s modulus of concentrated emulsions 

The elastic behavior of a sample is generally expressed by the plot of stress versus 

strain from the tensile testing. At a constant elongation speed (v = L / t), the variation 

of the stress with the deformation (L) is obtained for the concentrated emulsion with 

specified , D, and . Figure 2-1 shows the stress-strain curves at different elongation 

speeds for concentrated emulsions with  = 0.7, D = 7.57, and  = 3.20. Here the engi-

neering strain () is defined as L / L0. Similar to the typical stress-strain curve of a solid 

sample, the stress grows with increasing the strain, reaches the ultimate strength, and be-

gins to decline. In the growth region, the linear regime associated with elastic deformation 

(Young’s modulus) at lower strains is significantly narrower than the nonlinear regime 

associated with plastic deformation (strain hardening) at higher strains.  

The typical elastic and plastic behaviors of the concentrated emulsion can be realized 

by the relaxation process shown in Supporting Information Figure 2-S1. After the stress 

reaches the ultimate strength defined in the typical stress-strain curve, the decay of the 
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stress is actually caused by the change of the relative positions of some droplets, leading 

to the relaxation of the stress in the concentrated emulsion. In experiments, the value of 

Young’s modulus (E) is often found to vary with the elongation speed (v). Moreover, E 

grows with increasing v [44]. These behaviors have been observed in our simulations. 

This phenomenon can be realized by the competition between the local relaxation rate 

and the deformation rate (elongation speed). As the former is fast enough, the local equi-

librium is satisfied and Young’s modulus should be independent of the elongation speed. 

In contrast, as the former is relatively slow, the extent of the structure relaxation depends 

on the elongation speed and thus E varies with v. 
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Figure 2-1. The stress-strain curves for the concentrated emulsion with  = 0.7, D = 7.57, 

and  = 3.20 at different elongation speeds (v).  

   

  Young’s modulus (E) represents the elasticity, and it can be determined from the slope 

of the linear curve at low strains. Although E depends on the elongation speed, the value 

v  0 
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acquired from the quasi-equilibrium stretching process (v  0) is adopted for simplicity. 

The influence of the volume fraction on Young’s modulus is shown in Figure 2-2 for D = 

7.57 and  = 3.20. As the strain is less than 4%, the linear behavior of the stress-strain 

curve can be clearly identified, as illustrated in the inset. As expected, Young’s modulus 

increases as the volume fraction grows. Note that Young’s modulus vanishes as  < 0.65, 

indicating the liquid-like behavior in the absence of the jammed structure. In contrast, as 

 > c, the droplets tend to contact neighboring ones and become jammed with each other. 

The movement of a droplet is severely constrained by the surrounding droplets. Therefore, 

the increment of E with the volume fraction is closely related to the degree of crowded-

ness, which resists the stretching deformation. Since the interfacial area of droplets per 

unit volume is larger for a higher volume fraction, more work is required to obtain the 

same displacement of elongation, corresponding to the larger Young’s modulus. 
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Figure 2-2. The variation of Young’s modulus (E) with the volume fraction () at D = 
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7.57 and  = 3.20. The linear relationship between the stress and strain for small defor-

mation is shown in the inset for different values of . 

 

  At the same volume fraction, the effect of the droplet size on the properties of the sys-

tem is a unique feature associated with emulsions [16, 45, 46]. Figure 2-3 shows the var-

iation of Young’s modulus (E) with the droplet diameter (D) at the same volume fraction 

() and interfacial tension (). It is interesting to find that E grows linearly with 1/D at 

specified  and . This consequence displays the effect of the interfacial area clearly. For 

the same  and , the interfacial area per unit volume is increased as the droplet size 

decreases, and it is approximatively proportional to 1/D if the droplet is spherical. The 

above analysis indicates that Young’s modulus is actually proportional to the interfacial 

area per unit volume. As the droplet size decreases, more interfacial areas are present in 

the emulsion, and thus more work is required to stretch the system, corresponding to a 

larger Young’s modulus. Until now, one can arrive at the conclusion that E varies with  

and D, i.e., E(,D). By comparing the three lines at the same diameter of droplets in Figure 

2-3, one has an expected result that E( = 0.95) > E( = 0.80) at  = 3.2, consistent with 

Figure 2-2. In addition, another result is E( = 3.2) > E( = 2.4) at  = 0.80, revealing 

that the interfacial tension also plays an important role in affecting Young’s modulus of 

the emulsion. 
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Figure 2-3. The variation of Young’s modulus with the inverse of the droplet diameter 

(1/D) for different combinations of  and . 

 

The stored potential energy due to the deformation of concentrated emulsions has to 

exist in the interfacial energy associated with the liquid-liquid interface. Consequently, 

the interfacial tension () comes into play, and the larger value of  can store more work 

subject to the same deformation. Figure 2-4 shows the variation of Young’s modulus with 

the interfacial tension at the same volume fraction and droplet size. It is found that E 

grows linearly with increasing  at specified  and D. The finding in Figure 2-4 implies 

that Young’s modulus is indeed proportional to the interfacial energy per unit volume, 

which is the product of the interfacial tension and area per unit volume. As the interfacial 

tension rises, more interfacial energy is present in the emulsion, and thereby more work 
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is required to expand the system, corresponding to a larger Young’s modulus. Clearly, the 

aforementioned outcomes indicate the three factors , D, and  affect Young’s modulus, 

i.e., E(,D,). Again, by comparing the three lines at the same interfacial tension in Figure 

2-4, one has expected results, E( = 0.95) > E( = 0.80) at D = 8.6 and E(D = 8.6) > E(D 

= 9.8) at  = 0.8, in agreement with Figures 2-2 and 2-3. Because the linearity is always 

observed in those Figures, a simple relationship of E(,D,) may be obtained based on 

some simple arguments. 
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Figure 2-4. The variation of Young’s modulus with the interfacial tension () for various 

combinations ofD and . 

 

The above analyses show that Young’s modulus (E) ascends with increasing  and  

but descends with increasing D. According to the Young-Laplace equation, the normal 
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stress difference across a curved surface is proportional to the ratio of the interfacial ten-

sion to the droplet size /D. As a result, Young’s modulus, which has the same unit as the 

normal stress, is expected to be a function of /D. The data points depicted in the inset of 

Figure 2-5a represent the variation of E with D and  at a specified volume fraction  = 

0.8. When these data points are replotted as E against /D, it is observed that all data 

points are collapsed reasonably into a single line, as demonstrated in Figure 2-5a. This 

consequence indicates that there is a linear relationship between E and D. At a specified 

combination of  and D, Young’s modulus rises with increasing  but vanishes as  < c. 

For concentrated emulsions, the dependence of the physical properties on is often de-

scribed by (- c) [47-49]. As demonstrated in the inset of Figure 2-5b, E is found to 

grow linearly with (- c)
1.55 but the slope and intercept vary with the combination 

of  and D. To eliminate the influence associated with the critical volume fraction, the 

relative Young’s modulus which is defined as E = E() - E(c) is used. The aforemen-

tioned analyses suggest that the effects of ,  and D on E can be realized by the plot of 

/(D) against (- c)
1.55 for various combinations. As shown in Figure 2-5b, all 

data points can be represented reasonably by a single linear line, revealing that  is line-

arly proportional to (- c)
1.55(D). 
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(b) Function of (-c) 
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Figure 2-5. (a) The plot of E against D for various combinations of andD at  = 0.8. 
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E is plotted against D for different  in the inset. (b) The plot of E/(D) against (- 

c)
1.55 for different combinations of ,  and D. In the inset, E is plotted against (- 

c)
1.55. Here c is determined as 0.65. 

 

2-3-2 Bulk modulus of concentrated emulsions 

The bulk modulus (K) of a material represents a measure of the ability of a solid or 

fluid resisting compression on all surfaces. It is defined as the ratio of the applied infini-

tesimal pressure to the relative decrease of the volume, K = -V(∂P/∂V)T > 0. For a typical 

solid, the bulk modulus is related to Young’s modulus by E = 3K(1 - 2), where  repre-

sents Poisson’s ratio which ranges between 0.0 and 0.5 generally. For a fluid, Young’s 

modulus is absent, and the reciprocal of the bulk modulus is referred to as isothermal 

compressibility [50]. The bulk modulus can be determined from the fluctuation of the 

volume of the equilibrium system (V). The typical fluctuation of V with time is demon-

strated in the inset of Figure 2-6 for  = 0.85 (solid-like state). Figure 2-6 shows the 

variation of the bulk modulus with the volume fraction at D = 7.57 and  = 3.20. The 

sharp change of K is evidently observed in the range of  = 0.6~0.7, showing the emer-

gence of jamming associated with a structural transition. That is, the behavior of the emul-

sion changes from the liquid-like ( < c) to solid-like ( > c) state due to the jammed 

structure.  
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Figure 2-6. The variation of the bulk modulus (K) with the volume fraction () for D = 

7.57 and  = 3.20. In the inset, the typical volume fluctuation (V - <V>) is plotted against 

the time 

 

At fixed volume fraction and interfacial tension, the effect of the droplet size on the 

ability of the concentrated emulsion to withstand changes in volume when under com-

pression on all sides can be understood from the bulk modulus. Figure 2-7 shows the 

variation of K with D for different combinations of  and . As the droplet diameter 

decreases, the bulk modulus is found to increase, suggesting that the concentrated emul-

sion with smaller droplets is more elastic. This result of K(D) is in agreement with that of 

E(D). That is, subject to the same volume compression, more interfacial areas change in 

the system with smaller droplets, leading to more stored interfacial energy and higher 

bulk modulus. The quantitative dependence of K on D can be revealed from the plot of K 
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against 1/D, and the linear relationship between them is observed for different combina-

tions of  and . Similar to E(, D), K is a function of  and D, K(, D), and it is supposed 

to vary with following the analysis of Young’s modulus. In fact, Figure 2-7 reveals that 

K( = 3.2) > K( = 2.4) regardless of the droplet size at  = 0.8.  
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Figure 2-7. The variation of the bulk modulus (K) with the inverse of the droplet diameter 

(1/D) for different combinations of  and .  

 

Figure 2-8 illustrates the variation of K with  for different combinations of  and D. 

It is observed that the bulk modulus ascends linearly with increasing interfacial tension. 

Again, this result of K() is similar to that of E() depicted in Figure 2-4. At the same 

compression of the system volume and the increment of the liquid-liquid interfacial area, 

the interfacial energy generated by the deformation of the droplets grows with increasing 

interfacial tension. Consequently, the bulk modulus is proportional to interfacial tension, 

in addition to 1/D. The above results show that the bulk modulus (K) rises with increasing 
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 and but declines with increasing D, similar to Young’s modulus. Following the same 

arguments based on the Young-Laplace equation, the data points shown in the inset of 

Figure 2-9a for  = 0.8 are replotted against /D. Again, K(,D) can be well represented 

by a linear function of /D, as illustrated in Figure 2-9a. Furthermore, the dependence of 

the dimensionless bulk modulus K/(/D) of concentrated emulsions on the volume frac-

tion is examined by the expression (- c) [47-49]. Because the bulk modulus of emul-

sions still exists as  < c, the relative bulk modulus, which is defined as K = K() - 

K(c), is adopted. Figure 2-9b shows that all data points can be depicted reasonably by a 

single linear line, suggesting that  is linearly proportional to (- c)
0.15(D). 
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Figure 2-8. The bulk modulus (K) is plotted against the interfacial tension () for different 

combinations of  and D. 
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(b) Function of (-c) 
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Figure 2-9. (a) The plot of K against D for various combinations of andD at  = 0.8. 

K is plotted against D in the inset. (b) The plot of K/(D) against (- c)
0.15 for 

D = 7.6,  = 2.4 
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different combinations of ,  and D. In the inset, K is plotted against (- c)
0.15. 

Here c is determined as 0.65. 

 

Poisson’s ratio () is defined as the negative ratio of the amount of lateral contraction 

( 𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙 ) to that of axial elongation ( 𝜀𝑎𝑥𝑖𝑎𝑙 ) in response to an applied load,  

𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙/𝜀𝑎𝑥𝑖𝑎𝑙 For isotropic and homogeneous materials, Poisson’s ratio can be 

estimated from the Young’s and bulk moduli, ν = (1-E/3K)/2. Figure 2-10 shows the var-

iation of  with the volume fraction for concentrated emulsions with three combinations 

of interfacial tensions and droplet sizes. It is found that all values of  are very close to 

0.5, but it still decreases slightly with increasing . The data points of the three systems 

are close to each other and can be described by the expression by ν() = [1- E() / 3K()] 

/ 2, revealing that Poisson’s ratio depends weakly on  and D. Poisson’s ratio of the con-

centrated emulsion can also be calculated from the relation between Young’s modulus 

and shear modulus (G), E = 2G(1+ν). For the system with  = 0.8,  = 3.2, and D =7.57, 

the Young’s, bulk, and shear moduli are obtained by the simulations of LAMMPs, E = 

1.057, K = 54.4, and G = 0.353. As a consequence, one has ν = 0.497 based on the shear 

modulus, which is very close to the outcome based on the bulk modulus. Our results of 

concentrated emulsions are consistent with ν of soft materials, which generally have the 

bulk modulus (K) much higher than the shear modulus (G), giving Poisson’s ratio near 

0.5. 
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Figure 2-10. Poisson’s ratio () is plotted against the volume fraction ( for different 

combinations of  and D. The data points of the three systems are close to each other. 

  

2-4 Conclusion 

  The concentrated emulsions with volume fractions exceeding the critical value (c) 

display an elastic solid-like behavior due to their jammed structures. In this work, the 

mechanical properties, including Young’s modulus (E) and bulk modulus (K) of mono-

disperse concentrated emulsions, are explored by DPD simulations. The influences of the 

volume fraction (), droplet size (D), and interfacial tension () are examined systemati-

cally. As c ( 0.65), the emulsion exhibits the liquid-like behavior, and thus Young’s 

modulus vanishes. Nonetheless, the bulk modulus exists and ascends with increasing  

For c, E determined at an infinitely low elongation speed emerges, and it grows with 

increasing . Similarly, K rises with  but increases rapidly near c, signifying the liquid-

𝛎 = 
1

2
[1 - 

E(𝝓, 𝑫, 𝝈)

3K(𝝓, 𝑫, 𝝈)
] 
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solid transition.  

  In addition to the volume fraction, the droplet size and interfacial tension are found to 

affect the behavior of concentrated emulsions significantly. Both Young’s and bulk mod-

uli grow as D decreases or  increases. Those consequences can be realized by the fact 

that more elastic work stored in the interfacial free energy is required for the larger 

Young’s modulus. Therefore, E is proportional to the interfacial energy per unit volume 

(D2/D3 = /D). On the basis of the dimensional analysis, all the simulation data points 

agree well with the scaling relations E() - E(c)~(- c)
1.55(D) and K() - 

K(c)~(- c)
 0.15 (D). The -dependent Young’s and bulk moduli satisfy the re-

lation E = 3K(1 - 2) valid for isotropic and homogeneous solids. Poisson’s ratio  of 

concentrated emulsions is very close to 0.5 in agreement with soft materials, but it still 

decreases slightly with increasing . To further understand the solid-like properties of 

concentrated emulsions, the shear modulus and yield stress are currently under study.  
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Figure 2-S1. (a) The relaxation process after stretching to a specific engineering strain. 

(b) The evolving snapshots of the concentrated emulsion for the initial strain 0.6. The 

initial elongation strain (t=0) was induced by the application of a stress. After removal of 

the applied stress, the system displayed the backward spring motion toward the initial 

position. For small elongation strain, the system can spring back to its initial position 

(elastic behavior), as shown in the inset. In contrast, for large elongation strain, it fails to 

recover the initial position (plastic behavior).  
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Chapter 3 Abnormal wicking dynamics of total wetting etha-

nol in graphene nanochannels 

 

Abstract 

Although the unexpectedly fast capillary flow of water (partial wetting) in graphene 

nanoslits has been reported, the wicking dynamics of total wetting liquid in a nanocapil-

lary have not been studied. In this work, the spreading behavior on graphene sheets and 

the imbibition process in graphene nanochannels are explored by Molecular Dynamics 

for ethanol (total wetting). For spreading dynamics, two regimes are identified: inertia-

dominated initial spreading and viscous spreading with an exponent greater than Tanner’s 

law. For imbibition dynamics, the total wetting liquid behaves quite differently from the 

partial wetting liquid. The advancing motions of both the precursor film and main flow 

are clearly seen, and their advancing lengths are proportional to the square root of time. 

However, the proportional constant of the former which is independent of channel widths 

is greater than that of the latter which decreases with increasing channel widths. Both the 

thickness of the precursor film and the diameter of curvature of the menisci, which is less 

than the channel width, grow with increasing channel widths. For very narrow nanoslits, 

the precursor film cannot be distinguished from the main flow and the surprisingly rapid 

imbibition behavior is observed. 

 

Keywords: nanocapillary flow, graphene nanochannels, total wetting, precursor film, 

spreading dynamic, imbibition dynamics. 
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3-1 Introduction 

Spontaneous capillary flow describes the motion of a liquid imbibed into narrow spaces 

by negative capillary pressure without the assistance of external forces [1,2]. The negative 

capillary pressure is originated from the Laplace pressure across the concave meniscus 

[3]. The capillary flow can also be realized from the phenomenon of a liquid wetting the 

pores persistently, leading to the continuous decrease of surface free energy. Therefore, 

the spontaneous flow is driven by interfacial tensions, and it will not stop as long as the 

resistant force is not present or the pore end is not reached. However, in opposition to 

gravity, the capillary flow will cease at a certain height (Jurin height), known as capillary 

rise, because of the buildup of hydrostatic pressure [4]. This phenomenon is commonly 

seen in daily life and industrial applications, including brain capillary flow [5], microflu-

idic diagnostics [6], lab-on-a-chip devices [7,8], and fabrication of flexible printed elec-

tronics [9,10]. Since the early twentieth century, the physical mechanism associated with 

the capillary flow has been studied, but the capillarity in cylindrical tubes was focused 

[11-14]. Nonetheless, capillarity in micro- and nano-scale channels and in complex struc-

tures of narrow spaces have been an attractive subject of investigation nowadays [15].  

The emergence of graphene and other 2D materials allows the fabrication of 

nanodevices which consist of artificial planar channels with widths close to a few molec-

ular diameters [16]. Graphene has been extensively studied and may provide frictionless 

capillary channels owing to its smoothness of the surface and large specific surface area 

[15,17]. In fact, graphene-based membranes have been fabricated for water purification 

and they have a better performance of selectivity and permeability than polymer-based 

membranes [18-21]. Recently, nanocapillaries with atomic-scale precise channel width 

were constructed by graphene through van der Waals assembly [15,22]. The width of the 

nanoslit was lowered to only two layers of the graphene sheet. Unexpectedly fast capillary 
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flow (about 1 m/s) of water was reported in narrow graphene slits [14,22-24]. It was at-

tributed to high disjoining pressures and large slip lengths. Because of the structured ar-

rangement of water molecules in nanoscale channels, the nano-confined liquid tends to 

exhibit distinctive characteristics [18]. That is, the physical and chemical properties of 

liquids under extreme nanoscale confinement can deviate from those of the bulk signifi-

cantly, leading to anomalous mass transport behavior [16].  

The wetting state of a liquid droplet on a solid substrate can be simply classified into 

partial and total wetting [25]. The former with different degrees of wetting (wettability) 

is always characterized by the contact angle 0 <  < 180 and the water droplet on gra-

phene is an example [4,26,27]. In contrast, the latter is manifested by the continuous 

spreading behavior and corresponding to  = 0 [28-30]. A typical example is an ethanol 

droplet on a glass slide [31]. According to Young’s equation, a finite contact angle is the 

consequence of the balance among interfacial tensions [32]. However, the total wetting 

state can be further realized by the spreading coefficient defined as S = γsv - γsl - γlv [33], 

where γsv, γsl, and γlv represent solid-vapor, solid-liquid, and liquid-vapor tensions, re-

spectively. While the partial wetting state is associated with S < 0, the total wetting state 

corresponds to S  0, to which Young’s equation fails to apply [34].  

Until now, most of the studies of wicking dynamics in nanochannels involve spon-

taneous capillary flows of partial wetting liquids, such as molecular transport of water 

through graphene nanoslits [35-40]. However, a lot of liquids on graphene sheets exhibit 

total wetting behavior, including ethanol, dimethylformamide, and N-methyl-2-pyrroli-

done [41-43]. Recently, penetration dynamics through hydrophilic nanocapillaries has 

been investigated by coarse-grained mesoscale simulations [34]. The breakdown of 

Washburn’s equation is observed as the positive spreading coefficient is large enough. 
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Moreover, on a wall extended infinitely outside the exit mouth of the nanoslit, the ex-

tended meniscus is limited by the edge effect or equilibrium contact angle for partial wet-

ting liquids, but it can spread spontaneously for total wetting liquids. The latter is driven 

by the precursor film spreading and follows a power law. However, studies of real systems 

involving total wetting liquids are still lacking. In this work, the spreading behavior of 

the total wetting liquid (ethanol) on graphene sheets is studied first. Then the wicking 

process in graphene nanochannels is explored by Molecular Dynamics. The channel 

width ranges from two to ten layers of thickness of graphene sheets. The structural char-

acteristics of the meniscus and precursor film are analyzed. The time evolutions of the 

main flow and precursor film are monitored. Finally, their dependence on the channel 

width is examined.  

 

3-2 Method 

Nanoscale Molecular Dynamics (NAMD) package is a parallel molecular dynamics 

[44,45] and is used for simulating the droplet wetting behavior and spontaneous capillary 

flow in this work. The free software VMD (Visual Molecular Dynamics) is adopted for 

making the initial configurations and for visualizing and analyzing the obtained simula-

tion data [46]. The NAMD simulation was conducted out in the canonical (NVT) ensem-

ble with the Langevin thermostat. The system was maintained at a temperature of 300 K.  

The interatomic interaction between the molecules was calculated by the CHARMM 

force field for ethanol and graphene [47,48]. The pairwise van der Waals interaction be-

tween atoms was described by Lennard-Jones (L-J) 12-6 potential, and the cutoff distance 

is set at 12 Å with the pair list distance extended to 14 Å. The L-J parameters between 

different atoms are acquired by the Lorentz-Berthelot mixing rule [49,50]. The electro-

static interaction was calculated by the Coulomb potential, and the long-range effect was 
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accounted for by the particle-mesh Ewald summation method [51]. All atoms of the gra-

phene sheets were fixed in space during simulations. In experiments [22,26], the graphene 

walls are composed of numerous graphene layers, which allows them to be considered as 

rigid solid surfaces. The distance between two nearby carbon atoms in a graphene layer 

was 0.142 nm, and the interlayer distance was set to b = 0.335 nm. For both ethanol and 

graphene, the non-bonded parameters (and Rmin of L-J) and charge (q) of each atom 

were listed in the Supporting Information Table 3-S1(a) and the bonded parameters were 

given in Table 3-S1(b). 

    In this work, three simulation systems were considered: imbibition dynamics, inter-

facial tensions, and spreading dynamics. While the last will be described in Sec. 3.1, the 

imbibition system consists of a graphene nanoslit atop an ethanol reservoir, as shown in 

Figure 3-1. The reservoir was equilibrated at 300 K for 4 ns before the nanoslit was placed 

above it. To prevent the capillary flow took place along the outer walls of the nanoslit, a 

single graphene sheet acting as a baffle was placed atop the reservoir. The wall of the 

nanocapillary was constructed with three layers of graphene sheets. The width of the na-

nochannel (w) was w = Nb, where N depicted the number of graphene sheets accommo-

dated in the nanoslit. The total length of the nanocapillary along the z-direction was Lz = 

30 nm, and the box sizes in the x- and y-direction were Lx = 16.75 nm and Ly = 4.25 nm, 

subject to periodic boundary conditions. Both the penetration length describing the main 

capillary flow l(t) and the advancing front of the precursor film lp(t) were monitored dur-

ing imbibition simulations.  
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Figure 3-1. The schematic diagram for spontaneous capillary flow in a nanoslit atop the 

ethanol reservoir. The total length of the nanocapillary is Lz, and the width of the na-

nochannel is w. 

 

To calculate the surface tension lv of ethanol, an ethanol liquid layer was placed in 

the middle of the simulation box, and the liquid-vapor interface was perpendicular to the 

z-direction. After reaching equilibrium in canonical ensemble simulation, the pressure 

tensor of the system was recorded. The surface tension lv was then calculated by Irving-

Kirkwood expression lv = [pzz-(pxx+pyy)/2](Lz/2), where pxx, pyy, and pzz denote the di-

agonal components of the pressure tensor [52-54]. The factor of 1/2 associated with Lz is 

due to the two surfaces in the system. The interfacial tensions sv - sl was estimated from 

the free energy perturbation theory in which the free energy difference between two states 
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was evaluated based on a coupling parameter λ varying from 0 to 1 to connect the refer-

ence and perturbed states [55,56]. Consider a sheet of graphene placed in the middle of 

the system containing ethanol molecules. After obtaining the free energy difference (F) 

between the two systems with and without ethanol-graphene interactions, sv - sl was 

determined by F/(2A) where 2A denotes the solid-liquid interfacial area. The viscosity 

of ethanol was acquired from a fully equilibrated system according to the Green-Kubo 

formula, which uses the ensemble average of the auto-correlation of the pressure tensor 

[57,58].    

 

3-3 Results and discussion 

3-3-1 The total wetting behavior of ethanol on graphene  

The wetting state which is responsible for driving capillarity, can be predicted from the 

interfacial tensions. By employing NAMD, the interfacial tensions of water on graphene 

at 25 C were evaluated from the free energy perturbation method, γsv - γsl = 15.7 mN/m, 

and from the Irving-Kirkwood expression, γlv = 66.9 mN/m, giving the Young contact 

angle 𝜃𝑌 = 76.4 [4]. The simulation results of γlv and 𝜃𝑌 agree reasonably with the 

experimental data [26]. Evidently, the water/graphene system has S = -51.2 mN/m < 0, 

corresponding to the partial wetting state. Following the same approach, the interfacial 

tensions of ethanol on graphene are calculated as γsv - γsl = 80.4 mN/m and γlv = 24.1 

mN/m. The simulation outcome of γlv is very close to the experimentally reported value 

of 22.3 mN/m [59]. Contrary to the water/graphene system, the spreading coefficient of 

the ethanol/graphene system is S = 56.4 mN/m > 0, predicting a total wetting state.  

    The wetting behavior of an ethanol droplet on the graphene surface can be directly 

observed by the dynamics after the deposition of a nanodroplet. The ethanol droplet was 

equilibrated at 300 K for 3 ns and then placed almost in contact with the graphene sub-

strate, which contains three layers of graphene sheets. The spreading process is illustrated 
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in Figure 3-2 (both side and top views) by a series of snapshots from 0 to 1.2 ns. As 

expected, the height of the droplet from the side view decreases gradually with time, and 

the wetted area from the top view grows accordingly. The apparent contact angle decays 

continuously but never reaches an equilibrium value. In fact, the nanodroplet becomes 

essentially flattened at 1.2 ns. This spontaneous spreading behavior indicates the absence 

of a finite equilibrium contact angle and corresponds to a total wetting state. This obser-

vation is consistent with the prediction of a positive spreading coefficient mentioned 

above. 

   

 

Figure 3-2. A series of snapshots (side and top views) of an ethanol nanodroplet deposited 

on graphene at different time periods.  

   

    The initial spreading stage of a droplet which starts at a radius r = 0 upon contact, is 

generally very fast for low-viscosity liquids [60], regardless of surface wettability. The 

characteristic inertio-capillary time scale is tc=(R3/lv)
1/2, where 𝜌 denotes the liquid 

density and R the initial radius of the droplet. In the inertial regime, the contact radius (r) 
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or wetted area (A) grows with time, which follows the power law r ∼ t1/2 or A ∼ t [60,61]. 

On a total wetting surface, the expanding process of the droplet continues indefinitely, 

and the spreading dynamics in the long time limit can also be depicted by the power law 

r ∼ tm or A ∼ t2m. The balance between capillary and viscous forces gives the exponent m 

= 1/10, known as Tanner’s law [60,62,63]. By the plot of log(A) against log(t), Figure 3-

3 shows the spreading behavior of a nanodroplet of ethanol deposited on graphene for 

three different sizes of droplets. These droplets exhibit similar behaviors, with two dis-

tinct regimes clearly identified. The first regime (t < 0.4 ns) has a unity slope (2m = 1), 

revealing the inertia-dominated initial spreading. The inertio-capillary time is about tc = 

0.03 ~ 0.05 ns for an ethanol nanodroplet with R = 4.1 ~ 5.7 nm. It is consistent with our 

simulation observation of the early spreading process. The transition from the first to the 

second regime is accompanied by the emergence of the precursor film. In contrast, the 

second regime (t > 0.4 ns) has a slope of about 2m = 0.5, which is significantly greater 

than the exponent of Tanner’s law. The deviation may be attributed to our definition that 

the precursor film is included in the wetted area based on the top view. As the precursor 

film is considered, it has been reported that the exponent of the power law exceeds 2m = 

0.4 significantly and grows with the spreading coefficient [64].  

 



doi:10.6342/NTU202404382

70 
 

 

Figure 3-3. The variation of wetted area (A) with time (t) for three different sizes of drop-

lets. The snapshots denote the top and side views for the two spreading behaviors of R = 

4.9 nm. 

 

3-3-2 Meniscus and precursor film  

As the graphene nanochannel with two parallel walls is placed atop a reservoir of ethanol 

at thermodynamic equilibrium, spontaneous imbibition appears, and the capillary flow 

can be monitored. Both the meniscus in the nanoslit and the bottom of the reservoir are 

exposed to the vapor phase of ethanol. The typical snapshots of the capillary flow at dif-

ferent time periods are shown in Figure 3-4 for the channel width N = 8. As expected, the 

penetration length (l) defined by the meniscus bottom surface grows progressively with 

time, as illustrated in Figure 3-4(a). Indeed, the capillary flow stops as the meniscus 
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reaches the end of the channel (at t  11 ns). According to the side view, however, a thin 

liquid film ahead of the meniscus is clearly observed on the wall. To examine the feature 

of the thin film, the front views, which look from the channel center toward the wall 

(corresponding to their halves of the side views), are depicted in Figure 3-4(b). It is inter-

esting to find that the thin film covers the wall essentially, and the film length is actually 

increased with time. This abnormal observation is different from the typical menisci as-

sociated with the capillary flow, and it can be considered as the precursor film accompa-

nied with the spreading behavior of a droplet of total wetting liquid on a substrate, as 

observed in Sec. 3.1. Note that total wetting is characterized by the continuous spreading 

of the droplet, with the precursor front identified by a zero contact angle. 

    Evidently, the front structure of the imbibed liquid for total wetting ethanol differs 

distinctly from that for partial wetting liquids such as water. That is, there exists a signif-

icant difference between their advancing menisci which are generally characterized by 

the dynamic contact angle (D) and radius of curvature (R). For partial wetting liquids, 

the dynamic contact angle is finite (D > 0), and thus the diameter of curvature (2R) must 

exceed the channel width (w). In contrast, for total wetting liquids, the equilibrium contact 

angle is essentially zero, which corresponds to the condition of 2R = w. Under nonequi-

librium flow, the dynamic contact angle is always greater than the equilibrium contact 

angle because of the contribution of the dynamic pressure. In this simulation, it is some-

what surprising to observe that the diameter of curvature is less than the channel width, 

and the dynamic contact angle is indeed zero.  
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Figure 3-4. Snapshots of the wicking process of ethanol through a nanoslit with N = 8, (a) 

full side views and (b) halves of side views and their corresponding front views. 

 

    The imbibition dynamics is closely related to the advancing meniscus, which is char-

acterized by the radius of curvature. As a result, the evolution of the meniscus shape is 

monitored and shown in Figure 3-5. The magnified images of the menisci at different 

times are depicted in the insets of Figure 3-5. It is found that the radius of the curvature 

(R) decreases rapidly near the entrance but approaches a constant eventually (platform 

stage with a steady curvature radius). It drops from about 14.6 Å at 0.1 ns to 7.4 Å at 0.5 

ns and remains unchanged (R = 7.4 Å) later, revealing that a steady meniscus of the liquid 

front is obtained. The thickness of the precursor film (tp) in the proximity of the meniscus 

(a) 

(b) 
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can be well described by tp = (w - 2R)/2. That is, the film thickness grows from 0 to 6.0 

Å, corresponding to 0 ~ 2.1 ethanol layer. Apparently, the initial shrinkage of the radius 

of curvature characterizing the meniscus is caused by the development of the precursor 

film accompanied with the earlier imbibition process.  

 

Figure 3-5. The time evolution of the radius of curvature of the advancing meniscus for 

N = 8. Some enlarged images of the advancing meniscus are shown in the inset. 

 

For partial wetting liquids, it is known that the radius of curvature (R) of the advanc-

ing meniscus is inversely proportional to the channel width (w) [4]. However, for total 

wetting liquids, the R-w relationship is no longer valid because of the appearance of the 

precursor film. Figure 3-6(a) shows magnified images of advancing menisci away from 

the capillary entrance for different channel widths. For the channel widths N = 2 and 3 
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which are comparable to the molecular size, the meniscus shape is difficult to characterize, 

and the precursor film is not seen. In fact, one is unable to distinguish the meniscus from 

the precursor film for such narrow nanochannels. For N  4, the radius of curvature of the 

advancing meniscus can be measured, and it grows with increasing the channel width. If 

the thickness of the precursor film does not change with the channel width, one expects 

that the radius curvature is proportional to the channel width, R ~ w. As illustrated in the 

inset of Figure 3-6(b), the thickness of the precursor film actually increases from 3.4 to 

8.2 Å as the channel width increases. Figure 3-6(b) also shows that the steady radius 

curvature in the platform stage rises approximately linearly with increasing N. Certainly, 

the condition of 2(R + tp) = w is satisfied. Evidently, the features of the advancing menis-

cus for total wetting liquids are distinctly different from those for partial wetting liquids 

during the imbibition process.  

 

(a) 
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Figure 3-6. (a) Magnified images of advancing menisci for different nanochannel widths, 

N = 2, 3, 4, 6, and 10. The red dotted line denotes the circle associated with the radius of 

curvature. (b) The variation of the diameter of curvature (2R) with the nanochannel 

widths (N). The plot of the thickness of the precursor film (tp) against the channel width 

(N) is shown in the inset. 

 

3-3-3 Imbibition dynamics 

The imbibition dynamics is often described by Washburn’s equation [4,65,66], which 

gives the variation of the penetration length (l) with time, l2 = t with  = [lgcos(D) 

/(3)](w+6ls) [67]. Here  represents the viscosity, D the dynamic contact angle, and ls 

the slip length. The condition of ls = 0 corresponds to the no-slip boundary condition. The 

penetration length is generally defined as the distance of the advancing meniscus from 

(b) 
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the entrance. Figure 3-7(a) shows the time evolution of the lowest position of the advanc-

ing meniscus of ethanol in the graphene nanocapillaries with different channel widths. 

The channel height (Lz = 30 nm) is sufficiently long to observe the capillary motion before 

the spontaneous flow is halted by the end of the nanoslit. The results of the linear rela-

tionship between l2 and t (besides the entrance region) are consistent with Washburn’s 

equation. However, the slope  corresponding to the imbibition rate is found to decay 

with increasing the channel width w. This result is contradictory to the prediction of Wash-

burn’s equation,  ~ w as ls = 0.  

    Following the relationship l2 = t, one is able to calculate the imbibition velocity (vz 

= dl/dt) and flow rate (Q = wdvz) of ethanol transport at a specific penetration length l = 

1 m and depth d = 130 nm, which was used for the study of water transport in graphene 

nanoslits.4 As illustrated in Figure 3-7(b) which were obtained based on the data presented 

in Figure 3-7(a), the imbibition velocity seems to decrease linearly, and the flow rate 

grows weakly as the channel width N is increased. Certainly, these results do not agree 

with Washburn’s equation (vz ~ N and Q ~ N2 ). This dependence of vz on the channel 

width (N = 2 ~ 5) of ethanol transport is qualitatively similar to that of water transport. 

However, the imbibition velocity of ethanol is significantly greater than that of water. For 

example, for N = 3, vz = 3.94 m/s at l = 75 nm and 0.07 m/s at l = 4 m for ethanol, but 

vz = 1.05 m/s and 0.02 m/s respectively for water. From the resistance to the fluid flow, 

ethanol has a viscosity (simulation value  = 0.95 mPa∙s) slightly higher than water ( = 

0.855 mPa∙s). On the contrary, from the viewpoint of the driving force, ethanol has much 

better surface wettability (D ~ 0 or γsv - γsl = 80.4 mN/m) than water (D ~ 90 or γsv - 

γsl = 15.7 mN/m). As a result, it is not surprising that ethanol has a higher imbibition rate 

than water in graphene nanoslits. 



doi:10.6342/NTU202404382

77 
 

 

 

Figure 3-7. (a) The square of the penetration length l2 versus time for different graphene 

channel widths. (b) Effects of the channel width on the imbibition velocity vz and flow 

rate Q of ethanol at the penetration length l = 1 m and the depth of d = 130 nm. 

 

    Different from water (partial wetting) wicking, the imbibition dynamics of ethanol 

(total wetting) for N  5 involves the advances of both main capillary flow and precursor 

film, which are represented by l(t) and lp(t), respectively. Figure 3-8(a) shows the varia-

tion of l2 and lp
2 with time in graphene nanoslits with N = 5 and 6. Similar to the behavior 

(b) 

(a) 
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of the penetration length (l2 = t), it is found that lp
2 is also proportional to the wicking 

time (lp
2 = t). The deviation is observed because the front of the precursor film is near 

the entrance (t < 0.5 ns) and reaches the exit (t > 4 ns). The advancing rate of the precursor 

film is greater than that of the main flow ( > ), and the distance between those two 

fronts grows with time. The comparison between N = 5 and 6 reveals that (lp
2 - l2) is 

affected by the channel width. In fact, the difference of the advancing rate ( - ) is found 

to rise with increasing the channel width. 

    According to Figure 3-7, the imbibition rate of the main capillary flow () depends 

on the channel width, and vz decreases with increasing N. The effect of the channel width 

on the advancing rate of the precursor film is shown in Figure 3-8(b) for N = 6-10. Con-

trary to the main flow, all the curves of lp
2 versus t are collapsed together, and they all 

reach the top of the nanocapillary at about 4 ns. This consequence indicates that the ad-

vancing rate of the precursor film is essentially independent of the channel width and  

is a constant. The growth of ( - ) with N is actually due to the decrement of  with the 

channel width for N = 5-10. It is worth emphasizing that for small channel widths (N = 

2-4), the precursor film is difficult to be distinguished from the main capillary flow, as 

demonstrated in Figure 3-6(a). As a result, the curves of l2 vs t for N = 2-4 in Figure 3-

7(a) can be considered as lp
2 vs t, i.e.,  = . Evidently, one has (N = 2) > (N = 3) > 

(N = 4)  (N = 5). The reason that  is no longer a constant but grows with decreasing 

N is the overlap of the precursor films on the two walls for small channel widths. The 

synergetic effect leads to an advancing rate of the overlapped precursor film faster than 

that of the isolated precursor film. As N is increased, the contribution of the rapidly mov-

ing precursor film to the imbibition dynamic declines, resulting in a decrease in the imbi-

bition velocity. This phenomenon may explain the decay of vz with N, which is contra-

dictory to the prediction of Washburn’s equation.  
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Figure 3-8. (a) The square of the advancing length of the precursor film (lp
2) and of the 

penetration length of the main flow (l2) are plotted against time for N = 5 and 6. (b) The 

square of the advancing length of the precursor film against time for N = 6 ~10. 

 

(a) 

(b) 
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3-4 Conclusion  

The spreading behavior on graphene sheets and the wicking process in graphene na-

nochannels are explored by MD for the total wetting ethanol. After the deposition of an 

ethanol nanodroplet, it spreads continuously and becomes an adsorbed monolayer even-

tually, indicating the total wetting behavior. This outcome is consistent with the positive 

spreading coefficient obtained from interfacial tensions, which are calculated by MD. For 

spreading dynamics, two regimes can be identified from the time evolution of the wetted 

area. A unit slope is acquired in the first regime, revealing an inertia-dominated initial 

spreading. However, the slope of the second regime is significantly larger than the expo-

nent of Tanner’s law because the precursor film is included in the wetted area. 

    The imbibition characteristics of the total wetting liquid (e.g., ethanol) are found to 

be quite different from those of the partial wetting liquid (e.g., water). For small channel 

widths (N = 2~4), the precursor film of the total wetting ethanol is difficult to be distin-

guished from the main capillary flow. In contrast, for large channel width (N  5), the 

precursor film is clearly observed during the wicking process, and thus the dynamic con-

tact angle associated with the advancing meniscus is zero. As a result, the diameter of the 

curvature of the meniscus is less than the width of the nanoslit. As the channel width rises, 

both the thickness of the precursor film and the radius of curvature of the advancing me-

niscus are increased.  

    The time dependence of the penetration length of the main capillary flow can be 

described by l2 = t, similar to Washburn’s equation, but the imbibition rate () decreases 

with increasing the channel width, contrary to the prediction of Washburn’s equation. The 

advancing of the precursor film can also be depicted by lp
2 = t with  > , but its ad-

vancing rate () is essentially independent of the channel width. For small channel widths 

(N  3), the overlap of the precursor films on the two walls yields a surprisingly rapid 
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imbibition behavior.  
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Table 3-S1. (a) Non-bonded and (b) bonded force field parameters for various 

interaction sites in graphene and ethanol molecule. 
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Chapter 4 Enhancement of capillary flow via precursor film 

thickening in graphene nanochannels 

 

Abstract 

The wicking dynamics of total wetting liquids in a nanocapillary differ from those of 

partial wetting liquids due to the presence of the precursor film. In this work, the wetting 

behavior of total wetting liquids (isopropyl alcohol and dimethylformamide) on graphene 

sheets, as well as the imbibition dynamics in graphene-based nanoslits, are investigated 

using molecular dynamics. The spontaneous spreading dynamics can be described by two 

power laws, with the long-term behavior conforming to the viscosity-dominated Tanner’s 

law. The imbibition behavior within nanoslits shows a deviation from Washburn’s equa-

tion, displaying a unique two-stage pattern. This pattern is marked by a turning point that 

is related to the type of liquid and is independent of the channel width. Notably, the im-

bibition rate in the second stage exceeds that in the first. The advancing rate of the pre-

cursor film is insensitive to changes in channel width. After the precursor film reaches 

the end of the channel, the second stage commences, followed by the re-thickening of the 

film. This re-thickening reduces the curvature radius of the meniscus and increases the 

driving Laplace pressure, thereby enhancing the capillary flow in the second stage. 

 

Keywords: nanocapillary flow, graphene nanochannels, total wetting, precursor film, im-

bibition dynamics, spreading dynamics. 
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4-1 Introduction 

Capillary flow involves the movement of a liquid through narrow spaces caused by ca-

pillary pressure, without the aid of external forces [1-3]. Capillary-driven transport of 

liquids in channels is ubiquitous in nature and technology, such as fluid flow in plants and 

microfluidic devices [4,5]. This phenomenon is controlled by a combination of physical 

factors, such as interfacial tension, viscous drag, and solid geometries, which work to-

gether in a synergistic manner [6-9]. In microchannels, flow is mainly driven by surface 

forces (interfacial tensions) rather than body forces like gravity due to the large surface-

to-volume ratio [10,11]. Recently, graphene-based nanofluidic devices have been devel-

oped due to its exceptionally large specific surface area and superior electronic and me-

chanical properties [12-15]. Rectangular graphene nanochannels were fabricated through 

the van der Waals assembly of two-dimensional materials, allowing for precise control of 

the slit height down to the Angstrom scale [16]. These nanofluidic devices have novel 

applications including nanofiltration and water desalination [17,18].  

    Capillarity only occurs in channels with wettable walls. Wettability is a characteristic 

of a solid substrate, and it is determined by the intermolecular interactions between the 

solid surface and the fluid [19]. In general, the wetting behavior of a liquid droplet on a 

surface is described by the contact angle (0° < θ < 180°) for the partial wetting state [20-

22]. However, droplets of some liquids tend to spread spontaneously and continuously, 

resulting in the development of a liquid film with a contact angle of zero. This scenario 

is referred to as the total wetting state [23]. In this state, the static contact angle is no 

longer appropriate to describe the wetting behavior [24]. As a result, the spreading coef-

ficient is introduced, and it is defined as S = γsv - γsl - γlv, where γsv, γsl, and γlv represent 

solid-vapor, solid-liquid, and liquid-vapor tensions, respectively [25]. While the spread-

ing coefficient is negative for partial wetting (S < 0), it becomes positive for total wetting 
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(S ≥ 0) [26].  

  Until now, the wettability of liquid droplets on a graphene surface has been limited 

to the water/graphene system [20]. The partial wetting behavior was reported in experi-

ments, with the water contact angle ranging from 82° to 90° [21,22,27]. The wetting be-

havior of water nanodroplets on a graphene surface was also investigated through simu-

lations [20,28,29], revealing an equilibrium contact angle of θ = 76 - 90°, which is in 

agreement with the experimental data. Various suitable organic solvents, including etha-

nol (EOL), dimethylformamide (DMF), tetrahydrofuran (THF), and isopropyl alcohol 

(IPA), have been successfully applied to the liquid phase exfoliation of graphene sheets 

from bulk graphite [30-32]. During the exfoliation process, it is essential to achieve a 

well-dispersed state of graphene sheets within the solvent, which serves as the dispersion 

medium [33]. This result implies that the wetting behavior of those solvents on a graphene 

surface approaches a state of total wetting. However, there has been no experimental in-

vestigation conducted to determine the equilibrium contact angle and surface wettability 

between organic solvents and graphene. Recently, the wetting behavior of the ethanol/gra-

phene system has been studied, revealing a spreading coefficient value of S = 56.4 mN/m 

> 0. This suggests a state of total wetting, where ethanol fully spreads on the graphene 

surface [34].  

    The imbibition dynamics of water into graphene nanoslits have been investigated 

both experimentally and theoretically [16,20,35]. Surprisingly, a remarkably rapid flow 

rate was observed, surpassing the velocities predicted by Washburn’s equation under the 

assumption of a no-slip boundary condition. Furthermore, it was discovered that the pen-

etration rate decreases as the channel width increases, which contrasts with the prediction 

of Washburn’s equation where the penetration rate is expected to increase with larger 

channel widths [20]. The breakdown of Washburn’s equation for graphene nanoslits can 
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be addressed by incorporating the concept of slip length, which becomes significant in 

nanoscale channels [20]. However, for total wetting liquids characterized by S > 0 and a 

zero contact angle, the applicability of Washburn’s equation to the imbibition in nanoslits 

remains unresolved. Recently, the wicking process of ethanol (total wetting) in graphene 

nanochannels was investigated through molecular dynamics (MD) simulations [34]. The 

progression of the precursor film in graphene nanoslits was observed, and the imbibition 

velocity of ethanol was found to be significantly higher compared to that of water. 

The imbibition dynamics of total wetting liquids in graphene nanoslits have only 

been simulated for ethanol [34]. Currently, the impact of other total wetting liquids, spe-

cifically organic solvents with varying spreading coefficients, on the imbibition behavior 

remains unknown and requires further investigation. During the MD simulation, it was 

observed that the precursor film of ethanol moved notably faster than the meniscus. Gen-

erally, the simulation was terminated once the precursor film reached the end of the chan-

nel [34]. As a result, the impact of the precursor film on the main flow is not yet fully 

understood. In this study, organic solvents used for graphene exfoliation are considered, 

including DMF and IPA. Additionally, the imbibition behavior of the main flow after the 

precursor film reaches the channel end is investigated using MD simulations. First, the 

total wetting state of the liquids is examined by calculating their spreading coefficients. 

The dynamics of the spontaneous spreading behavior is studied as well. Secondly, the 

wicking characteristics before and after the precursor film reaching the channel end are 

analyzed based on the penetration length and internal energy. The effect of the nanochan-

nel width on the imbibition dynamics is also investigated. Finally, the role of the precursor 

film in modifying the main flow associated with the meniscus is explained. 

 

4-2 Method 
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The Nanoscale Molecular Dynamics (NAMD) package was utilized to simulate the wet-

ting behavior of nanodroplets and the spontaneous capillary flow in nanoslits. NAMD is 

an open-source, free MD simulation software [36] that employs the Charm++ parallel 

programming model to efficiently simulate thousands of molecules on parallel computer 

systems [37-39]. This program incorporates equations of motion, integration methods, 

classical MD force fields, electrostatics evaluation algorithms, and temperature and pres-

sure controls for efficient simulations [40]. VMD, a molecular graphics program, was 

employed for the visualization and analysis of molecular velocities and positions [41]. It 

functions as a molecular visualization tool, facilitating simulation preparation, 3D 

graphics-based display, animation, and analysis of complex molecular systems. Addition-

ally, it offers built-in scripting capabilities. When combined with NAMD, VMD can ef-

fectively extract thermodynamic and structural information [38].  

The simulations were conducted in a canonical (NVT) ensemble using the Langevin 

thermostat to maintain a constant temperature of 300 K. The interatomic van der Waals 

interaction was modeled using the Lennard-Jones (L-J) 12-6 potential, with a cutoff dis-

tance of 12 Å and an extended pair list distance of 14 Å. The L-J parameters for different 

atom types were determined using the Lorentz-Berthelot mixing rule [42,43]. The Cou-

lomb potentials were used to describe electrostatic interactions, and the particle-mesh 

Ewald summation method was adopted to account for long-range electrostatic interac-

tions [44]. The L-J parameters for carbon atoms in graphene [45], as well as for DMF, 

IPA, and THF molecules [46], were obtained from the CHARMM force field. The dis-

tance between adjacent carbon atoms within a graphene layer is 0.142 nm, while the in-

terlayer distance is fixed at b = 0.335 nm. The Supporting Information, specifically Table 

4-S1, provides a comprehensive list of the non-bonded parameters (ε and Rmin) and atomic 

charges (q) for all atoms in Table 4-S1(a), while the bonded parameters can be found in 
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Table 4-S1(b). 

This study encompassed three simulation systems: interfacial tensions, spreading 

dynamics, and imbibition dynamics. The calculation of surface tension, denoted as lv, 

utilized the Irving-Kirkwood expression lv = [pzz-(pxx+pyy)/2](Lz/2), where pxx, pyy, and 

pzz represent the diagonal components of the pressure tensor [47-50]. The factor of 1/2 

associated with Lz (the box length along the z-direction) accounts for the presence of two 

surfaces along the x-y plane in the system. By placing the liquid layer in the middle of 

the simulation box and orienting the liquid-vapor interface perpendicular to the z-direc-

tion, the pressure tensor of the system was recorded after achieving equilibrium in a ca-

nonical ensemble simulation. The interfacial tension,sv - sl, was determined using free 

energy perturbation theory, assessing the free energy difference (ΔF) between two states 

via a coupling parameterλ, varying from 0 to 1 to connect reference and perturbed states 

[51,52]. By considering a sheet of graphene within the system containing total wetting 

liquid molecules, sv - sl was derived from ΔF/(2A), where 2A signifies the solid-liquid 

interfacial area. Internal energy was monitored throughout the simulation. The system of 

spreading dynamics was detailed in Sec. 3.1. 

The imbibition system featured a graphene nanoslit positioned vertically above a 

reservoir, as illustrated in Fig. 4-1. The reservoir underwent a 4 ns equilibration at 300 K 

before the nanoslit placement. The nanocapillary wall comprised three layers of graphene 

sheets. To prevent capillary flow along the nanoslit’s outer walls, a single graphene sheet 

acted as a baffle atop the reservoir. The width of the nanoslits (w) was defined as w = N 

 b, with N representing the number of graphene sheets and b = 0.335nm denoting the 

interlayer distance. For simplicity, the channel width is denoted by N thereafter and it 

ranges from N = 3 to 8 in this work. The nanocapillary’s total length in the z-direction 

was Lc = 60 nm, and the simulation box sizes in the x- and y-direction were Lx = 16.75 
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nm and Ly = 4.25 nm, respectively, under periodic boundary conditions. Throughout the 

imbibition simulations, both the penetration length describing the main capillary flow 

associated with the moving meniscus, l(t), and the advancing front of the precursor film 

adhered to the graphene wall, lp(t), were monitored. 

 

Fig. 4-1. Schematic diagram illustrating the spontaneous capillary flow of a total wetting 

liquid through a nanoslit. The reservoir is positioned directly beneath the entrance of the 

nanoslit. 

 

4-3 Results 

4-3-1 Spreading of total wetting liquids on graphene  
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The spontaneous capillary flow in graphene nanochannels is caused by the surface wet-

tability of a liquid, which is directly related to interfacial tensions. By using MD, the 

interfacial tension (γsv - γsl) can be estimated through the free energy perturbation method, 

while the surface tension γlv can be calculated using the Irving-Kirkwood expression. The 

spreading coefficient is subsequently evaluated to determine whether the liquid on the 

graphene is in a state of total wetting or not. The simulation results of EOL, DMF, IPA, 

and THF at a temperature of 25°C are presented in Table 4-1. The agreement between the 

theoretical and experimental values of γlv is reasonably good [53-56]. However, it is worth 

noting that (γsv - γsl) cannot be directly measured through experimental methods. All four 

liquids demonstrate positive spreading coefficients, indicating a total wetting behavior on 

graphene. Nonetheless, THF exhibits the highest S, while DMF has the lowest S among 

the three liquids. 

Table 4-1. The interfacial tensions and spreading coefficient (S) of organic liquids on 

graphene. The experimental data for γlv are listed in parentheses. 

Liquid   Tension 
γlv 

(mN/m) 

γsv - γsl 

(mN/m) 

S 

(mN/m) 

EOL 24.1 (22.3) 80.4 56.4 

DMF 40.3 (36.6) 92.5 52.2 

IPA 22.9 (21.2) 81.0 58.2 

THF 25.2 (27.0) 90.3 65.0 

 

Depositing a nanodroplet on the graphene surface enables the direct observation of 

its wetting behavior. The nanodroplet has been equilibrated at 300 K for 3 ns prior to 
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deposition, after which it is placed on the graphene substrate comprising three layers of 

graphene sheets. Fig. 4-2 demonstrates the spreading process of DMF and IPA on gra-

phene, presenting both side and top views with a series of snapshots captured at intervals 

from 0.005 to 1.7 ns. It was observed that the contact angles of the droplets gradually 

decreased as time progressed. By t = 1.7 ns, both two droplets had completely spread out 

on the graphene surface. The observed spontaneous spreading behavior implied the ab-

sence of a finite equilibrium contact angle, signifying a state of total wetting. These find-

ings were consistent with the previously predicted positive spreading coefficients as 

shown in Table 4-1. 

 

 

Fig 4-2. A series of snapshots at various time intervals, including side and top views, 

depict the spreading processes of nanodroplets of (a) DMF and (b) IPA on graphene. 

 

In order to balance the interfacial tensions at the three-phase contact line, a liquid 

droplet placed on a solid substrate is driven to expand and attain an equilibrium shape. 
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Right after contact, the primary hindrance to capillary-driven spreading is the inertia of 

the droplet. During this period, the spreading radius (r) and the wetted area (A) increase 

with time (t), following a power law relationship (r ~ t1/2 and A ~ t), regardless of the 

surface wettability. The inertio-capillary time scale, denoted as τi, is given by (R3/lv)
1/2 

[57,58], where represents the density of the liquid and R is the initial radius of the drop-

let. As spreading continues, the resistance due to inertia decreases, while the dominant 

force becomes the viscous force. During this period, for small contact angle droplets, the 

spreading radius and the wetted area can also be described by power laws, r ~ t1/10 and A 

~ t1/5, known as Tanner’s law [57,59-61].  

Since both DMF and IPA do not exhibit a finite equilibrium contact angle, monitor-

ing the complete spreading processes of their nanodroplets can provide valuable insights 

into the dynamics of spreading. In these systems, there is a thin liquid film extending from 

the nominal contact line, and a notable change in curvature is observed. This change sig-

nifies the presence of a precursor film at the leading edge of the nanodroplet. By elimi-

nating the influence of the precursor film on the wetted area of the spreading film, one 

can define an area (Ab) corresponding to the base area associated with the spherical cap 

shape. Fig. 4-3 depicts the spreading behavior of nanodroplets of DMF and IPA deposited 

on graphene, showcasing the changes in the base area (Ab) over time (t). Note that the 

base area (Ab) is different from the total wetted area (A) which includes both the precursor 

film and the droplet. It is found that the long-time spreading behavior of both DMF and 

IPA can be depicted by viscous spreading (Tanner’s law). Furthermore, there is a notice-

able difference in the spreading dynamics between DMF and IPA. For DMF and IPA 

nanodroplets with radii of 5.35 nm and 5.33 nm, respectively, the characteristic inertial 

times (τi), as defined in the last paragraph, are approximately 0.06 ns and 0.07 ns, respec-

tively [34]. The data points shown in Fig. 4-3 seem to be outside the range of the inertial 
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spreading regime. 

IPA exhibits an approximate power law relation, with Ab ~ t0.5 in the short-time pe-

riod, but transitions to Ab ~ t0.2 in the long-time period. A crossover can be observed at t 

≈ 0.45 ns, which is approximately 7 times τi. The exponent value of 0.5, which is signif-

icantly less than 1.0, also indicates that the spreading behavior in the short-time period 

already deviates from the inertia-dominated regime. In the transition regime, both inertia 

and viscosity are influential factors. Furthermore, the decrease in the exponent from 0.5 

to 0.2 signifies a shift from the transition regime to the viscous spreading regime. DMF 

also exhibits two power-law relationships (inset of Fig. 4-3) similar to that of IPA. 

Throughout the spreading processes, the internal energy of the nanodroplet is observed to 

decrease continuously. Notably, the internal energy gain in DMF is significantly greater 

than in IPA, which aligns with the observation that the wetted area of DMF exceeds that 

of IPA at any given moment, as revealed in Figs. 4-2 and 4-3. 

 

Fig. 4-3. Log-log plot of the base area (Ab) versus time (t) for IPA (main graph) and DMF 



doi:10.6342/NTU202404382

100 
 

(inset) nanodroplets. 

 

4-3-2 Two characteristic regimes in capillary flow  

Washburn’s equation is commonly used to describe the imbibition dynamics, establishing 

a relationship between the penetration length (l) and time (t), expressed as l2 = Smt 

[20,35,62]. In this equation, the slope Sm is related to the channel width (w) through the 

expression Sm = [γlvcos(θD) / (3μ)](w + 6ls) [57], where μ represents the viscosity, θD 

denotes the dynamic contact angle, and ls is the slip length. The no-slip boundary condi-

tion is associated with the condition ls = 0. Typically, the penetration length is defined as 

the distance separating the advancing meniscus and the entrance. The time evolution of 

the lowest position of the advancing meniscus of DMF and IPA in graphene nanocapil-

laries is illustrated in Figs. 4-4(a) and 4-4(b) for different channel widths (N). It is some-

what surprising to discover that the imbibition dynamics of total wetting liquids cannot 

be adequately described by Washburn’s equation. A turning point associated with two 

linear segments can be clearly identified in the plot of l2 against t. This consequence in-

dicates that the slope in Washburn’s equation will change at a certain point/moment.  

For channel widths N = 5, 6, and 8, it was observed that the square of the penetration 

length is linearly proportional to the imbibition time. However, the slope differs before 

and after reaching the turning point. The moment associated with the turning point (tT) is 

independent of the channel width but varies with the liquid type. It was found that tT 

approximately equals 15 ns for DMF (refer to Fig. 4-4(a)) and tT approximately equals 17 

ns for IPA (refer to Fig. 4-4(b)). For DMF, the slope is Sm1 = 1.15 nm2/ns for t < tT, but it 

increases to Sm2 = 2.29 nm2/ns for t > tT at N = 6. Similarly, for IPA, the slope is Sm1 = 

0.87 nm2/ns for t < tT, and it grows to Sm2 = 2.51 nm2/ns for t > tT at N = 6. It is evident 

that Sm1 is always less than Sm2, regardless of the channel width. Additionally, both Sm1(N) 
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and Sm2(N) decrease with increasing the channel width. When the channel width is re-

duced to N = 3, l2(t) can be adequately described with a single linear line (no turning 

point), instead of two linear segments. Moreover, the penetration length reaches the end 

of the channel before t = tT, indicating a faster imbibition rate compared to larger channel 

widths. In fact, the slopes at N = 3 are Sm = 3.48 nm2/ns and Sm = 3.35 nm2/ns for DMF 

and IPA, respectively, which are greater than Sm1(N) or Sm2(N) with N  5.  
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Fig. 4-4. The square of the penetration length (l2) versus time is depicted for different 

graphene-based channel widths in the cases of (a) DMF and (b) IPA. 

 

In the imbibition process, the primary factor expected to reduce the system’s free 

energy (∆F) is the increasing contact area between the solid and liquid phases (A). In 

terms of interfacial tensions, the free energy is related to the contact area by ∆F(t) ~ (γsl - 

γsv)A(t) < 0. Since determining the surface free energy through simulations can be chal-

lenging, analyzing the change in internal energy (∆U) resulting from the wetting of a 

surface can provide valuable insights into the imbibition process. The change in internal 

energy is expected to be associated with the increase in contact area, which is proportional 

to the penetration length. As a result, it is anticipated that ∆U is proportional to t1/2. Fig. 

4-5 shows the plot of ∆U against t1/2 for the imbibition of DMF with various channel 
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widths. It is found that the internal energy always decreases linearly with time, ΔU(t) < 0 

with ΔU(0) = 0, due to the increased wetting of solid surfaces. Consistent with the plot of 

l2 against t, a turning point appears at t = tT for N ≥ 5 but it vanishes for N = 3. Moreover, 

the rate of decrease of ΔU (slope) decreases as the channel width increases. These results 

indicate that the dynamics of imbibition are indeed governed by the changes in internal 

energy. 

 

Fig. 4-5. The relationship between the change in internal energy (ΔU) and the square root 

of time (t1/2) for the imbibition dynamics of DMF. 

 

4-3-3 Advancing precursor film and the change of its thickness 

The precursor film is known to emerge when a droplet of the total wetting liquid spreads 

spontaneously [61]. For the capillary flow of ethanol, which is total wetting in graphene 
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nanochannel, the precursor film is also identified, and it moves faster than the main flow 

[34]. The advancements of both the main capillary flow and the precursor film are repre-

sented by l(t) and lp(t), respectively, and it holds that lp(t) > l(t). For the capillary flow of 

DMF and IPA (total wetting liquid), the precursor film is present, and similar imbibition 

phenomena are observed. Fig. 4-6 illustrates the influence of channel width on the ad-

vancing rate of the precursor film for DMF at N = 3, 5, 6, and 8. It is observed that lp
2 is 

also linearly proportional to the wicking time, expressed as lp
2 = Spt. Contrary to the main 

flow, the curves of lp
2 versus t for N = 5, 6, and 8 all collapse together. However, for N = 

3, the curve of lp
2 versus t does not overlap with those of other N, and its advancing rate 

of the precursor film is faster compared to other values of N. The inset of Fig. 4-6 shows 

the effect of the channel width on the advancing rate of the precursor film for IPA. The 

results are similar to DMF and consistent with the previous study on the imbibition dy-

namics of ethanol. 

For N = 5~8, the advancing rate of the precursor film is insensitive to the channel 

width, indicating that Sp is independent of N for both DMF and IPA, particularly for suf-

ficiently large N. It is found that the precursor films of DMF and IPA reach the end of the 

nanocapillary at approximately T = 15 and 17 ns, respectively. This outcome is consistent 

with the turning point (tT) identified in Fig. 4-4 for the main flows of DMF and IPA. Note 

that both time scales T and tT are independent of N. The above comparison suggests that 

the change in the imbibition rate of the turning point is related to the flow of the precursor 

film. The distance between the advancing front of the precursor film and the meniscus of 

the main flow grows with time because l = lp(t) - l(t) = (Sp
1/2 - Sm1

1/2)t1/2. Since Sm1 

decreases with increasing N, the leading distance (l) is greater for a larger channel width. 

For the narrow nanochannel N = 3, the comparison between l2(t) in Fig. 4-4 and lp
2(t) in 

Fig. 4-6 shows that they overlap with each other, indicating that Sp is equal to Sm for both 
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DMF and IPA. This consequence reveals that the main flow is actually constructed by the 

overlap of the precursor films on the two walls for small channel widths. This synergetic 

effect results in a faster-advancing rate of the overlapped precursor film compared to the 

isolated precursor film. These findings are in agreement with the imbibition dynamics of 

ethanol [34].  

 

Fig. 4-6. The squared advancing length of the precursor film (lp
2) is plotted against time 

(t) for N = 3, 5, 6, and 8 in the main graph for DMF, and in the inset for IPA. 

   

    To achieve a more profound comprehension of the two-stage climbing (imbibition) 

mechanism in the main flow, a more detailed analysis of changes in the precursor film is 

conducted during climbing. Fig. 4-7 illustrates the thickness change of the precursor film 

over time at two fixed height points (z1 = 600 Å and z2 = 650 Å) in the nanochannel with 
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N = 8 for DMF and IPA. Observations were limited to the precursor film on one side of 

the capillary during each instance, and the data represents the average of at least 10 ob-

servations. The qualitative imbibition behavior displayed by DMF’s precursor film 

closely resembles that of IPA. A film thickness of zero indicates that the precursor film 

has not reached this height point. After reaching this height point at t = T1, the precursor 

film maintains a thickness of h1 for a certain period of T. Subsequently, the thickening 

of the precursor film was observed, coming to a halt at time t = T2 and stabilizing at a 

thickness of h2. When the main flow surpasses this height point, the thickness of the pre-

cursor film jumps to w/2 = 14 Å, corresponding to half of the capillary thickness. Accord-

ing to Fig. 4-7(a), the characteristic values for DMF at z1 are as follows: T1 ≈ 7.5 ns, T 

≈ 6.0 ns, h1 ≈ 3.8 Å, T2 ≈ 16 ns, and h2 ≈ 4.2 Å. According to Fig. 4-7(b), the characteristic 

values for IPA at z1 are as follows: T1 ≈ 10 ns, T ≈ 4.5 ns, h1 ≈ 5.0 Å, T2 ≈ 26 ns, and h2 

≈ 8.4 Å.    

    After comparing Fig. 4-6 with Fig. 4-7, it is interesting to note that the moment when 

the precursor film reaches the end of the capillary (tT) aligns closely with the moment 

when the precursor film at z1 starts to thicken (T1 + T). That is, the turning point (tT) 

associated with the main flow l(t), as illustrated in Fig. 4-4 for both DMF and IPA, is 

directly linked to the thickening point in the precursor film, tT  T1 + T. In the time 

period between t = T1 + T and t = T2, the imbibition behavior can no longer be depicted 

by the slope Sm1 associated with Washburn’s equation (see Fig. 4-4) due to the continuous 

thickening of the precursor film. When t > T2, the precursor film thickness in front of the 

main flow stabilizes and remains unchanged. As a consequence, the imbibition behavior 

can once again be described by Washburn’s equation, this time with the slope Sm2. In 

addition to DMF and IPA, a similar phenomenon has been observed in the imbibition 

dynamics of ethanol and THF. 
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Fig. 4-7. The change in thickness of the precursor film over time at two specific height 

points (z1 = 600 Å and z2 = 650 Å) in the graphene-based nanochannel with N = 8 for (a) 

DMF and (b) IPA.  
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4-3-4 Precursor film-assisted capillary flow 

The imbibition dynamics are intricately connected to the advancing meniscus, which can 

be delineated by its curvature radius. For partial wetting liquids, the curvature radius can 

be simply expressed in terms of the contact angle (θD). However, for total wetting liquids, 

where the contact angle is essentially zero due to the precursor film, the curvature radius 

of the meniscus, which can be determined using ImageJ software, must be used. Fig. 4-8 

illustrates the evolution of the meniscus shape (curvature radius) over time during DMF 

imbibition in nanochannels, with an inset for IPA. Observations indicate that when t < tT, 

the curvature radius of DMF or IPA is approximately the value denoted by the red dashed 

line, with curvature radii of R1 = 10.8 and 6.3 Å, respectively. When t > T2 which depends 

on the position, the curvature radius of DMF or IPA decreases abruptly to approximately 

the value denoted by the pink dashed line, with curvature radii of R2 = 9.2 and 5.0 Å, 

respectively. It is evident that the R1 values for both DMF and IPA are larger than their 

respective R2 values because the thickness of the precursor film is thickened from h1 to 

h2. After the precursor film reaches the end of the capillary, its re-thickening leads to a 

reduction in the curvature radius, which, in turn, results in an increase in the driving force 

(Laplace pressure). As a result, the imbibition rate is enhanced after t > tT, yielding an-

other slope in Washburn’s equation. Certainly, this imbibition behavior is distinct from 

that associated with partial wetting liquids. 
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Fig. 4-8. The variation of the radius of curvature (R) of the advancing meniscus with time 

for DMF in a nanoslit with N = 8, with the result for IPA shown in the inset. 

 

Besides the channel width N = 8, the two-stage climbing (imbibition) behavior is 

observed in the main flow for channel widths N = 5 7 as well. The imbibition rates 

before and after the turning point in these channels are also represented by the slopes Sm1 

and Sm2, respectively. Fig. 4-9 shows the variation of Sm1 and Sm2 with the channel width 

for both IPA and DMF. As the channel width increases from N = 5 to 8, both Sm1 and Sm2 

decrease, but Sm1 is always less than Sm2. The observed decrease in imbibition rate with 

channel width agrees with the previous studies [20,28,34], yet it contradicts the prediction 

of Washburn’s equation, where Sm is proportional to w. In typical channels, while the 
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driving Laplace pressure is proportional to w-1, the viscous resistance to flow is propor-

tional to w-2 [20]. This leads to the imbibition rate being proportional to the channel width. 

However, in nanoslits, the decrease in viscous resistance caused by increasing the channel 

width (w) can be significantly mitigated by the slipping behavior at molecularly smooth 

walls, resulting in a deviation from Washburn’s equation.  

The influence of the channel width on the driving Laplace pressure can be revealed 

from the curvature radius of the advancing meniscus. It is important to note that this cur-

vature radius is linked to both the thickness of the precursor film and the channel width, 

with R1 = w/2 - h1 and R2 = w/2 - h2. Fig. 4-10 illustrates the variation in thickness of 

precursor films for IPA and DMF at various channel widths. The thickness of the precur-

sor film in front of the meniscus is determined, represented by h1 for t < tT and h2 for t > 

tT. The thickness h1 is consistently smaller than h2 for both IPA and DMF, irrespective of 

the channel width. It is interesting to observe that both h1 and h2 increase with the channel 

width, while the advancing rate of the precursor film is insensitive to N. The rapid in-

crease in h2 compared to h1 results in the growth of the thickness difference (h2 - h1). The 

channel width may influence h1 and h2 through changes in the meniscus shape of the main 

flow. An increase in the curvature radius with the channel width reduces Laplace pressure, 

elevating the liquid pressure beneath the meniscus. This effect pushes more liquid from 

the main flow into the precursor film, thereby increasing the film thickness within the 

nanoslit. 

The comparison of IPA and DMF in Fig. 4-9 yields an interesting result: while Sm1 

for DMF is greater than Sm1 for IPA, Sm2 for DMF is less than Sm2 for IPA. This means 

that before the precursor film reaches the end of the nanocapillary, the main flow of DMF 

advances faster than that of IPA. However, once the precursor film reaches the channel 
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end, the main flow of DMF advances more slowly compared to IPA. For a specific chan-

nel width w, the imbibition rate in the first stage, as estimated by Washburn’s equation, is 

(γsv - γsl)/. The experimental viscosities of DMF and IPA are 0.85 and 2.0 g/(cm·s), re-

spectively. The higher viscosity of IPA combined with its smaller value of (γsv - γsl) results 

in a lower Sm1 for IPA compared to DMF. In the second stage, the Washburn’s concept is 

no longer valid due to the pre-existing precursor film. The imbibition driving force, 

namely Laplace pressure, is inversely proportional to the curvature radius, given by (w/2 

- h2)
-1. According to Fig. 4-10, the curvature radius of IPA is significantly smaller than 

that of DMF in the second stage, although they are comparable in the first stage. The 

significant increase in the driving force of IPA in the second stage may be responsible for 

its surpassing imbibition rate compared to DMF. 

 

Fig. 4-9. The variation in the imbibition rates of the first and second stages (Sm1 and Sm2) 

with the channel width for both DMF and IPA. 
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Fig. 4-10. The variation in the thickness of the precursor film with the channel width (N) 

for (a) DMF and (b) IPA. h1 and h2 represent the thickness before and after the turning 
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point (tT), respectively. 

 

4-4 Conclusion 

In conclusion, our study provides a detailed exploration of the wetting behavior and 

imbibition dynamics of isopropyl alcohol (IPA) and dimethylformamide (DMF) in gra-

phene-based nanochannels using molecular dynamics simulations. We have identified 

IPA and DMF as total wetting liquids on graphene surfaces based on their spontaneous 

spreading behavior and positive spreading coefficient. Their spreading dynamics can be 

described by two power laws (Ab∼tn), from the regime with n = 0.5, indicative of a tran-

sition from inertia- to viscosity-control, to the regime with n = 0.2, characteristic of Tan-

ner’s law. 

Furthermore, our results show that the imbibition behavior in nanoslits deviates from 

Washburn's equation, with the imbibition rate decreasing with increasing channel width. 

Interestingly, for smaller channel widths, the square of the penetration length remains 

proportional to time, consistent with Washburn's expression. However, for larger channel 

widths, we observe the presence of two distinct stages in the imbibition process, with a 

specific crossover time. The turning point in the imbibition behavior is related to the liq-

uid type but independent of the channel width. As the channel width increases, both the 

imbibition rates before and after the crossover time decrease, with the rate after the cross-

over time consistently greater than the rate before. This unique imbibition behavior is also 

reflected in the time evolution of internal energy. 

Additionally, we found that the precursor film associated with total wetting liquids 

advances faster than the meniscus and undergoes re-thickening after reaching the channel 

end. This re-thickening reduces the curvature radius and increases the driving Laplace 

pressure, contributing to the acceleration of imbibition in the second stage. Overall, our 
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findings shed light on the complex dynamics of total wetting liquids in nanochannels and 

provide insights that can inform the design and optimization of nanofluidic devices and 

membranes. 
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Table 4-S1. (a) Non-bonded and (b) bonded force field parameters for different interaction 

sites in IPA, DMF, and graphene. 
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Chapter 5 Conclusion 

 

The emulsion is thermodynamically metastable, with droplets stabilized by adsorbed 

surfactants that tend to coalesce over time. This makes studying monodisperse com-

pressed emulsions challenging, whether experimentally or via simulations. Concentrated 

emulsions with volume fractions exceeding the critical value (φc) display an elastic solid-

like behavior due to their jammed structures. Despite specifying a volume fraction, the 

influence of droplet size remains significant yet unclear. Therefore, in the first two parts, 

the microstructural, thermodynamic, and mechanical characteristics of nanosized concen-

trated emulsions are explored. 

In the first part, we use DPD simulations to study compressed emulsions where mon-

odisperse droplets are jammed, preventing coalescence. Examining the microstructures 

at various volume fractions (), we identify a critical volume fraction (c ≈ 0.65) where a 

structural turning point occurs. The mean coordination number (Z) increases with φ, fol-

lowing the scaling relation (Z - Zc) ~ ( - c)
0.82 with Zc ≈ 6.3. We also evaluate the internal 

energy per bead (U) and heat capacity (Cv), examining the effects of volume fraction, 

droplet diameter (D), and interfacial tension (σ). U is separated into contributions from 

the continuous phase (Uc), dispersed phase (Ud), and interface (Ui). Increasing  or de-

creasing D leads to a rise in U due to increases in Ud and Ui. The growth of Ud is associated 

with Laplace pressure buildup, while the growth of Ui is linked to interfacial area expan-

sion. Surprisingly, as σ increases, U ascends while Ui decreases. The change in U is at-

tributed to increases in both Ud and Uc due to Laplace pressure increment. The heat ca-

pacity and U show similar dependencies. All data points can be represented by scaling 

relations (Cv – Cv,c) ~ (-c)
1/3(D) and (U - Uc) ~ (-c)

1/3(D). This simulation ap-
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proach can also be used to explore the mechanical and viscoelastic properties of com-

pressed emulsions, which are currently being studied. 

In the second part, we explore the mechanical properties, including Young’s modu-

lus (E) and bulk modulus (K), of monodisperse concentrated emulsions using DPD sim-

ulations. The influences of volume fraction (), droplet size (D), and interfacial tension 

(σ) are systematically examined. Below c (≈ 0.65), the emulsion behaves like a liquid, 

with Young’s modulus vanishing. However, the bulk modulus exists and increases with 

. For  > c, a non-zero Young’s modulus emerges, increasing with . Similarly, K in-

creases with , especially near c, indicating a liquid-solid transition. 

Droplet size and interfacial tension significantly affect the behavior of concentrated 

emulsions. Both Young’s and bulk moduli increase as D decreases or σ increases. This is 

due to the larger elastic work stored in the interfacial free energy required for a larger 

Young’s modulus. Thus, E is proportional to the interfacial energy per unit volume 

(σD2/D3 = σ/D). Dimensional analysis shows that the simulation data agree well with the 

scaling relations E() - E(c)~(- c)
1.55(D) and K() - K(c)~(- c)

 0.15 

(D). The -dependent Young’s and bulk moduli satisfy the relation E = 3K(1 - 2ν) 

valid for isotropic and homogeneous solids. The Poisson’s ratio ν of concentrated emul-

sions is close to 0.5, consistent with soft materials, but it slightly decreases with increas-

ing . Further study should be performed to understand the solid-like properties of con-

centrated emulsions, including shear modulus and yield stress. 

Although the unexpectedly fast capillary flow of water (partial wetting) in graphene 

nanoslits has been reported, the wicking dynamics of total wetting liquid in a nanocapil-

lary have not been studied. Moreover, the wicking dynamics of total wetting liquids in a 
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nanocapillary differ from those of partial wetting liquids due to the presence of the pre-

cursor film. Therefore, in the last two parts, the abnormal Wicking Dynamics in Graphene 

Nanochannels are investigated. 

In the third part, the spreading behavior on graphene sheets and the wicking process 

in graphene nanochannels are investigated using MD for total wetting ethanol. Upon dep-

osition, the ethanol nanodroplet continuously spreads and eventually forms an adsorbed 

monolayer, indicating total wetting. This aligns with the positive spreading coefficient 

calculated from MD-derived interfacial tensions. Two spreading regimes are identified 

based on the time evolution of the wetted area: an inertia-dominated initial spreading 

regime with a unit slope, and a second regime with a significantly larger slope due to the 

inclusion of the precursor film in the wetted area, deviating from Tanner’s law exponent. 

Compared to partial wetting liquids like water, the imbibition characteristics of total 

wetting liquids like ethanol are distinct. In small channels (N = 2~4), distinguishing the 

precursor film from the main capillary flow of ethanol is challenging. However, in larger 

channels (N ≥ 5), the precursor film is clearly observed, leading to a zero dynamic contact 

angle and a meniscus curvature diameter smaller than the nanoslit width. Both the pre-

cursor film thickness and the meniscus curvature radius increase with channel width. The 

time dependence of the main capillary flow penetration length follows l2 = αt, similar to 

Washburn’s equation, but with a decreasing imbibition rate (α) as channel width increases, 

contrary to Washburn’s prediction. The precursor film advancement is described by lp
2 = 

βt with β > α, and its advancement rate (β) is largely independent of channel width. No-

tably, for small channel widths (N ≤ 3), the overlap of precursor films on the two walls 

results in a surprisingly rapid imbibition behavior. 

In the fourth part, our study extensively explores the wetting behavior and imbibition 
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dynamics of isopropyl alcohol (IPA) and dimethylformamide (DMF) in graphene-based 

nanochannels through molecular dynamics simulations. Based on their spontaneous 

spreading and positive spreading coefficient, we identify IPA and DMF as total wetting 

liquids on graphene surfaces. The spreading dynamics follow two power laws (Ab ∼ tn): 

from a regime with n = 0.5, indicating a transition from inertia- to viscosity-control, to a 

regime with n = 0.2, characteristic of Tanner’s law. 

Our findings show that imbibition in nanoslits deviates from Washburn's equation, 

with the imbibition rate decreasing as channel width increases. For smaller channel 

widths, the penetration length remains proportional to time, consistent with Washburn's 

expression. Larger channel widths exhibit two distinct imbibition stages with a specific 

crossover time, independent of channel width. Both imbibition rates decrease as channel 

width increases, with the rate after the crossover time consistently greater than before. 

This unique behavior is reflected in the time evolution of internal energy. Additionally, 

the precursor film associated with total wetting liquids advances faster than the meniscus 

and re-thickens, reducing curvature radius and increasing Laplace pressure, accelerating 

imbibition in the second stage. These insights into total wetting liquid dynamics in na-

nochannels have implications for nanofluidic devices and membrane design optimization. 




