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a b s t r a c t 

The understanding of interfacial heat transfer mechanism is increasingly significant since interfacial ther- 

mal resistance plays an important role in thermal management as the size of electronic devices decreases. 

In this work, interfacial heat transfer between five di verse silica surfaces and two organic liquids was 

studied using the molecular dynamics method. The two organic liquids are triacontane and triacontanol, 

which are either hydrogen bond incapable or capable, respectively. Silica surfaces with silanols show bet- 

ter thermal transport ability with triacontane/triacontanol because of a vibration matching effect. Increase 

of silanol area number density enhances the interfacial heat transfer for silica–triacontanol systems but 

has little effect for silica–triacontane systems because triacontane is hydrogen bond incapable. However, 

even for silica–triacontanol, the improvement of interfacial heat transfer does not scale proportionally to 

silanol area number density, since silanol–triacontanol and silanol–silanol hydrogen bonds are compet- 

ing. The effective hydroxyl density is proved to reasonably explain this effect. Furthermore, tem perature 

affects the interfacial heat transfer of silica-triacontanol systems vitally because both the number and 

lifetime of hydrogen bonds are reduced at higher temperature. The vertical orientation of triacontanol 

adsorbed onto the interface brings efficient heat paths via hydrogen bonds and alkyl backbones, which 

causes the interfacial molecular layers of triacontanol to have higher thermal conductivity in the direction 

normal to the interface. 

© 2023 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The progress of modern technology is inseparable from the de- 

elopment of various electronic devices . With the increasing mini- 

ization and integration of electronic devices, their performance is 

ontinuously enhanced, accompanied by higher and higher power 

ensity [1] . Consequently, this raises the requirement of a sophisti- 

ated thermal management to ensure the suitable working temper- 

ture of electronic devices since their poor heat dissipation causes 

he build-up of heat and results in the performance degradation 

nd malfunction of electronic devices. Previous work pointed out 

hat 1 K can result in over 5 percent decrease in reliability of elec- 

ronic devices [2] . Hence, efficient heat dissipation from electronic 

evices is of particular importance. 

Inside an electronic device, electronic components are joined 

nd the local asperities on their surfaces limit their true contact 
∗ Corresponding author. 
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rea, which causes large interfacial thermal resistance and poor 

eat dissipation. Interposing thermal interface materials (TIMs) 

ith high thermal conductivity between imperfectly contacting 

urfaces to eliminate air gaps and improve heat dissipation is the 

ost widely used thermal management strategy. For example, Xu 

t al. experimentally proved interfacial thermal resistance could be 

educed by up to four times with the aid of TIMs with carbon nan- 

tube arrays [3] . In addition, in the experiment of Yang et al. [4] ,

hase change mediated graphene hydrogel–based TIMs were de- 

igned to decrease the interfacial thermal resistance. They revealed 

hat increasing the temperature or pressure enhanced the thermal 

anagement performance of TIMs because of the improving inter- 

acial contact between solid and TIMs. All in all, a series of ex- 

erimental studies have proved TIMs are significantly effective to 

educe interfacial thermal resistance. 

As the scale of electronic devices decreases, the experimental 

nvestigation on their thermal management becomes more lim- 

ted by both technical and cost issues, and the theoretical guid- 

nce provided by simulation methods becomes more important. 
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Fig. 1. Simulation system. 

Table 1 

Hydroxyl density of diverse silica surfaces. 

Silica type Hydroxyl density 

SiO 2 (OH) 0 0 nm 

−2 

SiO 2 (OH) 0/1 2.4 nm 

−2 

SiO 2 (OH) 1 4.7 nm 

−2 

SiO 2 (OH) 1/2 6.9 nm 

−2 

SiO 2 (OH) 2 9.4 nm 

−2 
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olecular dynamics (MD) simulation, which can provide the in- 

ight into the underlying physics of atomic level phenomena, has 

een proved to be an effective tool to uncover the heat transfer 

echanism of solid–liquid interface [5–10] . Ye et al. conducted MD 

imulation to study the interfacial heat transfer of Al 2 O 3 –MXene–

ilicone rubber (SR) composite and pointed out that MXene sheets 

lay the role of a phonon bridge between Al 2 O 3 and SR to improve

he heat transport performance of Al 2 O 3 –based TIMs [11] . Using 

he MD method, Zhang et al. demonstrated that the thermal con- 

uctance across the interfaces between graphene and poly(methyl 

ethacrylate) (PMMA) can be improved by 273% if graphene is 

ydroxyl–functionalized [12] , while the MD simulation of Wang 

t al. showed hydroxyl functionalization has little improvement in 

eat transfer between graphene and paraffin (C 30 H 62 ) [13] . These 

orks with seemingly contradictory results revealed that whether 

iquid is hydrogen bond (H-bond) capable or incapable, as well as 

hether there are hydrogen bonds at the interface, affects the in- 

erfacial heat transfer. Due to the high dielectric constant and se- 

ectivity for chemical modification, silica is widely used as a pre- 

ominant dielectric within integrated circuits and as substrate in 

he design of nanoelectronic devices [14] . In addition, organic liq- 

ids, such as paraffin [ 13 , 15 ], are commonly applied as TIMs or

atrices of composite TIMs. Thus, understanding the interfacial 

eat transfer mechanism between silica and organic liquids is of 

ractical significance for the thermal management design in elec- 

ronic packaging. Indeed, a series of MD works have been con- 

ucted to investigate the heat transfer of silica surfaces [ 16 , 17 ].

tilizing the MD method to study the interfacial heat transfer be- 

ween water and silica with hydrophilic (Si-OH) surface, Schoen 

t al. revealed that interfacial thermal resistance increased with 

he increase of temperature at the interface because high tempera- 

ure is not conducive to the formation of hydrogen bonds [18] . Xu 

t al. performed MD simulations to compare the interfacial heat 

ransfer of silica–water and gold–water interfaces, and the result 

howed that silanols can bridge the vibrational mismatch between 

he silica and water and form hydrogen bonds (H-bonds) with wa- 

er, which leads to larger interfacial thermal conductance of the 

ilica–water interface [19] . However, in the existing MD studies 

f solid–liquid interfacial heat transfer, where silica acted as the 

olid, inorganic small liquid molecules, such as water, are com- 

on for the liquid, and organic liquids, especially long-chain large 

olecules, are rare. Meanwhile, investigating the effect of diverse 

ilica surface environments on the interfacial heat transfer is ex- 

ected to bring new insight and be of great utility to future 

ork. 

In this work, molecular dynamics simulation was conducted to 

nvestigate the role of hydrogen bonds in interfacial heat trans- 

er between diverse silica surfaces and organic liquids. Five sil- 

ca surfaces hydroxylated with different area number density of 

ilanol groups are selected, and triacontane (C 30 H 62 ) and tria- 

ontanol (C 30 H 62 O) act as different organic liquids, which are 

espectively hydrogen bond incapable and capable. First, tem- 

erature and density distributions are studied, and interfacial 

hermal resistance is evaluated to characterize their interfacial 

eat transfer performances. Then, mechanisms of interfacial heat 

ransfer are uncovered by analyzing interfacial potential energy, 

ibrational density of states (DOS), and orientation of liquid 

olecules. We show that interfacial vibration matching determines 

he heat transfer at the silica–triacontane interface, whereas the 

ormation of hydrogen bonds plays crucial roles at the silica–

riacontanol interface. Lastly, the effective hydroxyl density pro- 

osed by Xu et al. [19] , in addition to the effect of temperature,

s proved to successfully estimate the interfacial heat transfer of 

ilica–triacontanol systems. 

I  

2 
. Simulation methods 

.1. Simulation system 

Fig. 1 depicts the schematic of simulation model in this work, 

here two silica walls sandwiched organic liquids along the z di- 

ection. Five silica surfaces of α-cristobalite or α-quartz, hydrox- 

lated with different area number density of silanols on the sur- 

ace, were selected ( Fig. 2 ), taken from the work of Emami et al.

20] . For convenience, they were named as SiO 2 (OH) 0 , SiO 2 (OH) 0/1 ,

iO 2 (OH) 1 , SiO 2 (OH) 1/2 , and SiO 2 (OH) 2 , respectively, where the 

ubscript n of SiO 2 (OH) n indicates the number of silanol groups 

inking to a single superficial silicon atom. Thus, the hydroxyl area 

ensity of each silica surface is in the range of 0 to 9.4 per nm 

2 

 Table 1 ). These five silica models can characterize silica with dif- 

erent crystal cleavage planes, crystal sizes, porosity, pH, and ther- 

al pretreatments. More details of these silica walls are provided 

n Section S1 of Supporting Information. 

With the aim of studying roles of hydroxyl groups, as well 

s effects of liquid structure, in the interfacial heat transfer, two 

rganic liquids were chosen. One is triacontane (C 30 H 62 ), a long 

hain linear alkane that cannot form hydrogen bonds, and the 

ther is triacontanol (C 30 H 62 O), a long chain linear alcohol that can 

orm hydrogen bonds. For both liquid types, the number of liquid 

olecules in the simulation system was 800. 

All simulations in the present work were implemented us- 

ng the large-scale atomic/molecular massively parallel simulator 

LAMMPS) [21] , and atoms were visualized using Visual Molecular 

ynamics (VMD) software [22] . The following potential energy ex- 

ressions were adapted to describe atomic interactions of diverse 

ilica [20] : 

E pot = 

∑ 

i j,nonbonded 

ε i j [2 ( 
σi j 

r i j 

) 
9 

− 3 ( 
σi j 

r i j 

) 
6 

] 

+ 

1 

4 πε 0 

∑ 

i j,nonbonded 

q i q j 

r i j 

+ 

∑ 

i j,bonded 

k r,i j (r i j − r 0 ,i j ) 
2 + 

∑ 

i j k,bond ed 

k θ,i jk (θi jk − θ0 ,i jk ) 
2 
. (1) 

n the right hand side of Eq. (1) , the subscripts i, j , and k are the
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Fig. 2. Schematic of the five silica surfaces used in the present study. (a) SiO 2 (OH) 0 , (b) SiO 2 (OH) 0/1 , (c) SiO 2 (OH) 1 , (d) SiO 2 (OH) 1/2 , and (e) SiO 2 (OH) 2 . (Note: SiO 2 (OH) 1/2 

means that each superficial silicon atom links to either one or two hydroxyl groups.). 
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tom indexes. The first term is the 9–6 Lennard-Jones potential de- 

cribing van der Waals (vdW) interactions, where ε and σ repre- 

ent the energy and distance parameters, respectively, and r is the 

nteratomic distance. Coulombic potential in the second term is for 

lectrostatic interactions, where q is atomic charge and ε0 is the 

ermittivity of vacuum. The harmonic potentials in the third and 

ourth terms are for bond stretching and angle bending interac- 

ions, respectively, where k, r, θ are the parameters of spring con- 

tant, equilibrium bond length and equilibrium angle. Meanwhile, 

he polymer consistent force field (PCFF) [ 23 , 24 ], which had been

roved to reliably reproduce thermal transport properties of or- 

anic liquids and obtain simulation results in excellent agreement 

ith experimental results [ 25 , 26 ], was used to model both triacon-

ane and triacontanol molecules. More details about the force field 

arameters of simulation models can be inquired from Section S2 

f the Supporting Information. As for interaction between silica 

nd organic liquids, especial for the interaction force field at the 

nterface, the 9–6 Lennard-Jones potential was used to describe the 

onbonding interaction of i -th and j -th atoms, and the sixth power 

ixing rule was used to calculate parameters, which was defined 

s: ε i j = 2 
√ 

ε i ε j σ
3 
i 
σ 3 

j 
/ (σ 6 

i 
+ σ 6 

j 
) and σi j = ((σ 6 

i 
+ σ 6 

j 
) / 2) 

1 / 6 
[27] . 

he cutoff radius was set as 12 Å for both nonbonding vdW and 

oulombic real space interactions and the particle–particle–mesh 

PPPM) algorithm with an accuracy of 1 × 10 −6 was employed to 

ompute long range Coulombic interactions [28] . 

.2. Simulation procedures 

Each simulation case was conducted for a total duration of 

0 ns and contained 3 phases: a 5 ns annealing process, a 15 ns 

onequilibrium molecular dynamics (NEMD) process for imposing 
3 
 stable heat flux at a given pressure, and a 10 ns NEMD process 

or collecting data. Periodic boundary conditions were applied in 

he x and y , but not in the z direction. Considering the fast vibra-

ions of hydrogen atoms, a relatively small timestep of 0.5 fs was 

sed, which was widely utilized in some previous works [ 29 , 30 ].

he simulation details are as follows. 

In the annealing process, a 0.3 ns run of NEMD simulation fol- 

owed by a 0.7 ns run of equilibrium molecular dynamics (EMD) 

imulation was repeated 5 times. Similar procedures have been 

ommonly applied to minimize the energy of molecular configu- 

ation of polymers [ 31 , 32 ]. During the NEMD simulation, the tem- 

erature of the system rose from 395 K to 10 0 0 K, was kept at

0 0 0 K for 0.2 ns, and then dropped to 395 K, using a Nosé–Hoover

hermostat with a damping coefficient of 50 fs, while two outmost 

ilanol layers were fixed. Afterwards, the Nosé–Hoover thermostat 

as removed, and a 0.7 ns EMD simulation was conducted. The 

utmost left silanol layer remained fixed, whereas each oxygen 

tom in the outmost right silanol layer was subjected to a con- 

tant force in the z direction to control the pressure at 10 atm. The 

emaining outmost left and outmost right 672 silicon and oxygen 

toms of silica acted as heat sink and heat source regions, with 

hickness of about 2 Å, and were respectively controlled at 370 K 

nd 420 K using Langevin thermostats with a damping coefficient 

f 50 fs. These temperatures of heat sink and source regions were 

hosen to be between the melting point and boiling point of tria- 

ontane and triacontanol [33–36] . The NEMD simulation continued 

or 10 ns with the aim of relaxation. Next, we fixed the outmost 

ight layer at its average position and performed an additional 5 ns 

EMD simulation to ensure that the system reached a steady state. 

astly, it took 10 ns to collect and analyze data, where the simu- 
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ation was divided into five time blocks to calculate the standard 

rror of mean as the error bar [37] . 

.3. Simulation analysis methods 

Simulation analysis methods for interfacial thermal resis- 

ance (ITR) in Section 3.1 , vibrational density of states (DOS) in 

ection 3.3 , hydrogen bond in Section 3.4 and orientation of liq- 

id molecules in Section 3.5 are illustrated in this section. 

ITR is commonly utilized to characterize the performance of in- 

erfacial heat transfer, which is defined as: 

 T R = 

1 

I T C 
= 

�T 

J z 
= �T 

A 

d Q/d t 
, (2) 

here ITC refers to interfacial thermal conductance, J z is heat flux 

n the z direction, �T is the temperature jump at the interface, 

 is the cross-sectional area of x –y plane, and dQ / dt is the energy

nput rate from a Langevin thermostat to the system, averaged over 

hose for the heat sink and source. The temperature jump �T is 

alculated by extrapolating the linear fits of temperature profiles 

n the liquid and silica bulk regions to the interface. The position 

f solid–liquid interface locates at the center of the first number 

ensity peaks of silica and liquid closest to the interface. 

Vibrational density of states (DOS) provides physical insights 

nto the vibrational modes of various materials, which has been 

sed to investigate interfacial heat transfer of solid–liquid interface 

n many previous studies [ 7 , 13 , 38 ] and can be calculated by taking

he Fourier transform of the velocity autocorrelation function [39] : 

 (ω) = 

1 √ 

2 π

∫ + ∞ 

−∞ 

e −iωt 〈 ν(t) ν(0) 〉 
〈 ν(0) ν(0) 〉 dt , (3) 

here G ( ω) is the DOS at an angular frequency ω, ν( t ) is atom

elocity at time t , and the angle bracket denotes the ensemble av- 

raging. 

Lifetime of hydrogen bond is an indicator of its stability and 

trength, which is described by the hydrogen bond time correlation 

unction [ 40 ], C ( t ), as follows: 

(t) = 

〈 h i (t) h i (0) 〉 
〈 h i (0) h i (0) 〉 , (4) 

here h i ( t ) equals to 1 when a hydrogen bond exists at time t

or the i -th pair of donor–acceptor, otherwise h i ( t ) equals to 0.

hus, C ( t ) describes the survival probability of a particular hydro- 

en bond during time t . The angle brackets denote an average over 

ll donor–acceptor pairs and different time origins. 

The orientation order parameter P ( z ), which is usually used to 

escribe the orientational ordering of molecules [41] , can be iden- 

ified as: 

 (z) = 

3 

2 

cos 2 θ z 
s 1 −s 2 

− 1 

2 

, (5) 

here θ z 
s 1 −s 2 

means the angle made by the connecting line of two 

tomic sites s 1 and s 2 with the z -axis direction, which is vertical 

o the silica surface. The sites for a triacontane molecule are car- 

on atoms, and the sites for a triacontanol molecule include oxy- 

en atom of hydroxyl group and carbon atoms. As Eq. (5) indicates, 

he value of P ( z ) ranges from −0.5 to 1: a negative value specifies

hat the molecular chain is oriented perpendicular to the interface 

ormal direction; zero value represents that the molecules are ori- 

nted randomly; and a positive value indicates that the molecular 

hain is oriented parallel to the interface normal direction. 

. Results and discussion 

.1. Characteristics of interfacial heat transfer 

Temperature and density distributions are displayed in Fig. 3 for 

hree systems. Four key points should be highlighted from Fig. 3 . 
4 
irst, for all cases, the temperature jump at the cold side is always 

maller than that at the hot side. Similarly, the number density of 

iquid at the cold side is larger than those at the hot side. Sec- 

nd, for the same silica surface, the temperature jumps at cold 

nd hot sides of a silica–triacontane system are always larger than 

hose at cold and hot sides of a silica–triacontanol systems, re- 

pectively. Third, a clear reduction in temperature jump can be 

bserved when silica surfaces are covered with silanols, both for 

ilica–triacontane and silica–triacontanol systems. However, an in- 

rease of surface silanol area number density does not significantly 

ecrease the temperature jumps at silica–triacontane interfaces, 

hereas it further diminishes the temperature jumps at silica–

riacontanol interfaces. Lastly, temperature gradients in the near- 

all triacontanol liquids at the cold side are smaller than those in 

he middle bulk liquid regions in case of hydroxylated silica sur- 

aces, but this phenomenon cannot be observed at the hot side of 

he same systems. As discussed above, we deduce that interfacial 

eat transfer mechanisms at silica–triacontane interfaces are dif- 

erent from those at silica–triacontanol surfaces, and temperature 

an influence interfacial heat transfer. 

Fig. 4 (a) and (b) show the results of ITR for silica–triacontane 

nd silica–triacontanol systems, respectively. The results show that 

n general, ITR of silica–triacontane systems are higher than those 

f silica–triacontanol systems, and ITR at the cold side are smaller 

han those at the hot side. From the general understanding, ITR 

t solid–liquid interfaces is inversely correlated to the affinity of 

olids and liquids or wettability [ 40 , 42 , 43 ]. Because polar sur-

aces have higher affinity with polar liquids than non-polar liquids 

 44 , 45 ], ITR is lower for alcohol than alkane liquids. Furthermore, 

or both silica–triacontane and silica–triacontanol systems, ITR de- 

reases sharply when silica surfaces are hydroxylated. However, 

ore silanols at silica surfaces do not result in further reduction of 

TR at silica–triacontane interfaces but do so at silica–triacontanol 

nterfaces. It is worth mentioning that for silica–triacontanol sys- 

ems, ITR at the cold side can be negative. This is because that we 

sed the temperature distribution of bulk triacontanol to extrapo- 

ate the triacontanol temperature at the interface, but a non-linear 

emperature distribution of triacontanol occurred near the inter- 

ace, which made us obtain an abnormal interfacial temperature 

f triacontanol and resulted in the negative ITR. The interpretation 

or this phenomenon and an alternative definition of ITR will be 

iscussed in Sections 3.4 –3.6 . 

.2. Analysis of interfacial potential energy 

Interfacial potential energy has played a significant role in 

xplanation of ITR values in many works [ 5 , 44 ]. Here, interfa- 

ial potential energy was calculated as the total interaction en- 

rgy between the solid atoms and liquid molecules divided by 

he x –y cross sectional area. In general, low interfacial poten- 

ial energy means close interactions between the solid and liq- 

id molecules, which results in higher heat transfer across the 

nterfaces. As shown in Fig. 4 (c), interfacial potential energy of 

ny silica–triacontane system is always larger than that of the 

ilica–triacontanol system of the same silica surface types. Mean- 

hile, interfacial potential energy at the cold side is smaller than 

hat at the hot side, which can explain the ITR results of silica–

riacontane systems in Fig. 4 (a) that ITR at cold side is lower that 

t hot side. From Fig. 4 (c) we can conclude that the silanol den-

ity has weaker influence on the interfacial potential energy of 

ilica–triacontane systems, both at the cold and hot sides. In con- 

rast, for silica–triacontanol systems, the surface modification with 

ilanols dramatically decreases interfacial potential energy, which 

s approximately consistent with the change in ITR. The difference 

n the role of silanol density between silica–triacontane and silica–

riacontanol interfaces should be attributed to the different hydro- 
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Fig. 3. Distribution of temperature and liquid number density for different silica surfaces: (a) SiO 2 (OH) 0 , (b) SiO 2 (OH) 1 , and (c) SiO 2 (OH) 2 , where the area density of surface 

silanols is also shown. The liquid is triacontane (upper panels) or triacontanol (lower panels). 
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a

en bond capability between the triacontane and triacontanol. This 

oint will be discussed specifically in Section 3.4 . Fig. 4 (d) dis- 

lays the result of interfacial potential energy versus ITR for both 

ilica–triacontane and silica–triacontanol systems. For the silica–

riacontanol system, ITR tends to decrease when the interfacial po- 

ential energy decreases, which has been pointed out in a series 

f previous studies [ 12 , 44 , 46 ]. However, for the silica–triacontane

ystem, the interfacial potential energy hardly changes when ITR 

aries. In summary, ITR at silica–triacontanol interfaces can be 

ell-described by interfacial potential energy, but ITR at silica–

riacontane interfaces is likely governed by other mechanisms. 

.3. Analysis of vibrational density of states 

Fig. 5 shows DOS results of SiO 2 (OH) 0 –triacontane/triacontanol, 

iO 2 (OH) 0/1 –triacontane/triacontanol and SiO 2 (OH) 2 –

riacontane/triacontanol systems, with 0, 2.4, and 9.4 nm 

−2 

urface silanol density, respectively. The DOS profiles of bulk silica, 

ilanols and triacontane/triacontanol are calculated separately. As 

OS results at the cold side and hot side are similar, only DOS 

esults at the cold side are shown in Fig. 5 . DOS of triacontane and

riacontanol are similar, since the two molecules differ only by a 

ydroxyl group, whose mass is relatively small, and its DOS can be 

rowned out by DOS of the remaining hydrogen and carbon atoms. 

n Fig. 5 (a), when silica surfaces are not silanol-modified, the DOS 

rofiles of silica and triacontane/triacontanol show a small overlap 

rea, and this large vibrational mismatch results in the large ITR 

f both silica–triacontane and silica–triacontanol systems ( Fig. 4 (a) 

nd (b)). As shown in Fig. 5 (b), silanols can bridge the DOS profiles

etween silica and triacontane/triacontanol: At the frequency less 

han 20 THz, vibrational modes of silanols match well with those 

f bulk silica; at the frequency ranging from 20 THz to 40 THz, 

ibrational modes of silanols match well with those of triacon- 

ane/triacontanol. Thus, a formation of an efficient heat path from 

ulk silica to silanols to triacontane/triacontanol is expected. Such 

vibration matching” effect leads to the substantial drop in the 

TR in Figs. 4 (a) and (b) from SiO (OH) –triacontane/triacontanol 
2 0 

5 
ystem to SiO 2 (OH) 0/1 –triacontane/triacontanol system. However, 

omparing Fig. 5 (b) and (c), increasing area number density 

f surface silanol groups cannot further significantly change 

haracteristics of DOS of silanols, and therefore, ITRs of silica–

riacontane systems from SiO 2 (OH) 0/1 surface to SiO 2 (OH) 2 surface, 

ith silanol area number density increasing, do not show def- 

nite changes. To quantitatively assess the degree of vibration 

atching, the overlap area results for DOS of bulk silica, triacon- 

ane/triacontanol and silanols were calculated, which were listed 

n section S3 of the Supporting Information. Consequently, the ITR 

eduction for silica–triacontanol systems from SiO 2 (OH) 0/1 surface 

o SiO 2 (OH) 2 surface, with silanol area number density increasing, 

hould be attributed to other heat transfer mechanisms than vi- 

ration matching, such as interfacial potential energy ( Section 3.2 ) 

nd hydrogen bond formation ( Section 3.4 ). In addition, it is 

orth mentioning that for the triacontanol systems, the ITR of 

nmodified surface (SiO 2 (OH) 0 ) of 72.8(hot side)/56.9(cold side) K 

 

2 GW 

−1 was reduced to 13.8(hot side)/3.2(cold side) K m 

2 GW 

−1 

nd 6.8(hot side)/ −4.3(cold side) K m 

2 GW 

−1 by the surface mod- 

fications of SiO 2 (OH) 0/1 and SiO 2 (OH) 2 types, respectively, which 

eans over 80% reduction of ITR is likely due to the vibration 

atching. The triacontane systems show similar ITR reduction by 

he silanol modifications, though the amount of reduction is less 

han those for the triacontanol systems. 

.4. Analysis of hydrogen bonds 

As discussed in Section 3.3 , for the interfacial heat transfer be- 

ween silica and triacontane, which is hydrogen bond incapable, 

ibrational mode matching is dominant in determining ITR de- 

rease. On the other hand, for the hydrogen bond capable liquid, 

nder no circumstances can the effect of the formation of hydro- 

en bonds be ignored in the interfacial heat transfer. Here, we con- 

ucted the analysis of hydrogen bonds for silica–triacontanol sys- 

ems. As shown in Fig. 6 (a), hydrogen bonds are typically identi- 

ed via the geometric criteria [19] : in our definition, the donor–

cceptor distance ( r ) must be less than 4 Å, and the donor–
DA 
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Fig. 4. (a) Interfacial thermal resistance (ITR) of diverse silica–triacontane systems; (b) Interfacial thermal resistance of diverse silica–triacontanol systems; (c) Interfacial po- 

tential energy of diverse silica–triacontane and silica–triacontanol systems; (d) Interfacial potential energy versus interfacial thermal resistance for diverse silica–triacontane 

and silica–triacontanol systems. The solid blue curve in Fig. 4 (d) is used to help show the inverse proportional relationship between interfacial potential energy and ITR of 

silica–triacontanol systems. 

Fig. 5. Vibrational density of states (DOS) for systems of (a) SiO 2 (OH) 0 , (b) SiO 2 (OH) 0/1 , and (c) SiO 2 (OH) 2 . The liquid is triacontane (upper panels) or triacontanol (lower 

panels). As DOS results at the cold side and hot side are similar, only DOS results at the cold side are shown in Fig. 5 . 

h
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f

s

(

y

d

3

ydrogen–acceptor angle ( θDHA ) must be greater than 140 °. There 

re three possible donor–accepter pairs that have significant ef- 

ect on interfacial hat transfer: silanol–alcohol, alcohol–silanol, and 

ilanol–silanol, which are respectively named as hydrogen bonds 

H-bonds) of (Si)OH–O(C), (Si)O–HO(C) and (Si)OH–O(Si). The anal- 
t

6

sis of hydrogen bonds is divided into two parts: number of hy- 

rogen bonds and lifetime of hydrogen bonds. 

.4.1. Number of hydrogen bonds 

Fig. 6 (b) shows the average number of hydrogen bonds be- 

ween triacontanol and diverse silica surfaces. Hydrogen bonds be- 
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Fig. 6. (a) Different types of hydrogen bonds in this work with the geometry for hydrogen bond criteria; (b) Average number of hydrogen bonds of diverse silica–triacontanol 

systems; (c) Interfacial potential energy versus the number of hydrogen bonds between silica and triacontanol for silica–triacontanol systems; (d) Effective hydroxyl density 

of diverse silica surfaces for silica–triacontanol systems; (e) Interfacial thermal conductance versus the hydroxyl density and effective hydroxyl density of silica surface for 

silica–triacontanol systems. 
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ween silica and triacontanol (ie. (Si)OH–O(C) and (Si)O–HO(C)) 

nd Hydrogen bonds among silanols (ie. (Si)OH–O(Si)) are sepa- 

ately counted for both cold side and hot side. Two key points 

eed to be pointed out. First, the average number of hydrogen 

onds at the cold side is larger than that at the hot side for all

ases, as expected from the less active thermal motion and larger 

ensity at the cold side. In addition, the difference in the num- 

er of hydrogen bonds between the hot and cold sides is larger for 

he silanol–triacontanol pairs than the silanol–silanol pairs, i.e., the 

ormer is more sensitive to temperature. Second, if surface silanol 

ensity is small, only a few hydrogen bonds form among silanols 

nd a large number of hydrogen bonds forms between silanols 

nd triacontanol. With the increase of surface silanol density, not 

nly the average number of hydrogen bonds between silanols and 

riacontanol increases, but also the average number of hydrogen 

onds among silanols tends to grow. For SiO 2 (OH) 2 silica surface, 

he average number of hydrogen bonds among silanols can be even 

arger than that between silanols and triacontanol, which demon- 

trates that silanols and triacontanol are competing for hydrogen 

onds formation. From this we conclude that increasing hydroxyl 

ensity of silica surface cannot linearly increase the average num- 

er of hydrogen bonds between silanols and triacontanol, nor does 

t always decrease the interfacial potential energy. Fig. 6 (c) plots 

he number of hydrogen bonds between silanols and triacontanol 

ersus the interfacial potential energy for silica–triacontanol sys- 
i

7 
ems. More hydrogen bonds between silanols and triacontanol can 

ead to the lower interfacial potential energy. Compared with the 

umber of hydrogen bonds between silanols and triacontanol, the 

ffect of tem perature on the interfacial potential energy is negligi- 

le. 

As discussed above, the formation of hydrogen bonds between 

ilanols and triacontanol competes with the formation of hydrogen 

onds among silanols as the hydroxyl density of silica surface in- 

reases. As a consequence, ITR does not decrease linearly with the 

ncrease of the hydroxyl density of silica surface ( ρsilanol ), shown in 

ig. 6 (e). Xu et al. put forward that the effective hydroxyl density 

f silica surface ( ρeff) is well-correlated with the interfacial heat 

ransfer between silica surfaces and water [19] . Here, we apply this 

o our silica–triacontanol systems. The effective hydroxyl density of 

ilica surfaces, ρeff, is defined as: 

e f f = 

N sil −al c 

N total 

ρsilanol , (6) 

here ρsilanol is the hydroxyl density of the silica surface, N total is 

he total number of hydrogen bonds, and N sil-alc is the number of 

ydrogen bonds between silanols and triacontanol. As shown in 

ig. 6 (d), for each silica surface, effective hydroxyl density of sil- 

ca surface with lower temperature is larger than that with higher 

emperature. With the increase of the hydroxyl density of the sil- 

ca surface, effective hydroxyl density initially increases and fi- 
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Fig. 7. (a) Lifetime of hydrogen bonds in the SiO 2 (OH) 0/1 -triacontanol system; (b) Mean lifetime of hydrogen bonds for diverse silica–triacontanol systems; (c) Analysis of 

silica–triacontanol hydrogen bond conformations for diverse silica–triacontanol systems. 
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h

ally saturates, even slightly decreasing since more silanol–silanol 

ydrogen bonds form rather than silanol–triacontanol hydrogen 

onds. Such variation of effective hydroxyl density strongly cor- 

elates with ITR in Fig. 4 (b). Fig. 6 (e) exhibits the dependence of

nterfacial thermal conductance (i.e. the reciprocal of ITR) on the 

ydroxyl density ( ρsilanol ) and effective hydroxyl density ( ρeff) of 

iverse silica surfaces, respectively. Take results at the hot side as 

n example, the hydroxyl density of silica surface and ITC are not 

inearly related, and the curve of ITC levels off when the hydroxyl 

ensity of silica surface is about 7 nm 

−2 or higher. However, effec- 

ive hydroxyl density and ITC show the excellent linear relationship 

t least for the hot side, which means that effective hydroxyl den- 

ity, which takes the competitive relationship between hydrogen 

onds between silanols and triacontanol and those among silanols 

nto account, can more efficaciously predict the variation of ITC 

han the hydroxyl density of silica surface. In essence, larger effec- 

ive hydroxyl density of silica surface means smaller ITR for silica–

riacontanol systems. At the cold side, the correlation between the 

ffective hydroxyl density and ITC is not clear because of the neg- 

tive ITR, which is not shown in Fig. 6 (e). However, as we will see

n Section 3.6 , a similar conclusion can be derived if we use the lo-

al ITR. Nevertheless, as shown in Figs. 6 (e), temperature can influ- 

nce the relationship between effective hydroxyl density and ITC, 

nd we suspect that this is not only because of the number of hy-

rogen bonds but also because of the lifetime of hydrogen bonds. 
8 
.4.2. Lifetime of hydrogen bonds 

Fig. 7 (a) depicts the evolution of C ( t ) over time for SiO 2 (OH) 0/1 –

riacontanol system, and other results can be seen in Section S4 

f the Supporting Information. As in previous literature [47] , we 

sed the approximation C ( t ) ∼ exp( −t / τ ), assuming that the break-

ng of hydrogen bonds occurs randomly with the mean lifetime τ . 

n Fig. 7 (b), the mean lifetime τ by different types of hydrogen 

onds is shown, whereas the difference in mean lifetime for the 

ame type of hydrogen bond between the hot and cold sides is 

bout 5 ∼20 ps. The results show that for both silanol–triacontanol 

nd silanol–silanol hydrogen bonds, a hydrogen bond tends to own 

onger lifetime at the cold side, and the weakening effect of higher 

emperature on the lifetime of silanol–triacontanol hydrogen bonds 

s more pronounced than that of silanol–silanol hydrogen bonds. 

Furthermore, it needs to be pointed out that the mean life- 

ime for each hydrogen bond type is different for different silica 

urfaces and is not proportional to silanol density. Here, we pro- 

ose that not only the temperature and the area number den- 

ity of surface silanols, but also the arrangement style of surface 

ilanols can affect the configurations of hydrogen bonds and thus 

ffect the lif etime of hydrogen bonds. To examine this, we further 

nalyzed the total number of silanol–triacontanol hydrogen bonds 

ccording to different molecular configurations as shown in Fig. 

 (c). More than 90% hydrogen bonds are made up of five major 

ydrogen bonds configurations, which are named as (Si)O 

–HO(C), 
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Fig. 8. Orientation of near-wall organic liquids for (a) SiO 2 (OH) 2 –triacontane system, and (b) SiO 2 (OH) 2 –triacontanol system; (c) Effect of triacontanol orientation on the 

near-wall temperature distribution. 
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Si)OH 

–O(C), (Si)O 

–HO(C)&(Si)OH 

–O(Si), (Si)OH 

–O(C)&(Si)O 

–HO(C), 

nd (Si)OH 

–O(C)&(Si)O 

–HO(Si). For the first two configurations of 

ydrogen bond (type A hydrogen bond configuration), the oxygen 

n the silanol only acts as an acceptor or donor for a single hy-

rogen bond, and in the latter three configurations (type B hydro- 

en bond configuration), the oxygen in the silanol acts as both an 

cceptor and a donor simultaneously. The percentages of different 

onfigurations reveal that if more hydrogen bonds are of type A 

ydrogen bond configuration, the mean lifetime of hydrogen bonds 

ill be shorter, which means type A hydrogen bond configuration 

s less stable than type B hydrogen bond configuration. This is eas- 

ly understood since vibration of silanols can be constrained if one 

ilanol forms two hydrogen bonds at the same time, which is ben- 

ficial to the stability of hydrogen bonds. 

.5. Analysis of orientation of liquid molecules 

As discussed above, interfacial potential energy, vibration den- 

ity of state, and hydrogen bonds have been demonstrated to ex- 

lain the ITR variation of silica–triacontane and silica–triacontanol 

ystems in Figs. 4 (a) and (b). However, the different temperature 

radient of the near-wall triacontanol liquids at the cold side from 

hat in the bulk liquid region, as well as the negative ITR, have 

ot been explained. Two points need to be stressed: (1) A tem- 

erature gradient of liquid in the near-wall region that is different 

rom that in the bulk region only exists in the silica–triacontanol 

ystems, but not in the silica–triacontane systems; (2) Even in the 

ilica–triacontanol system, the difference in temperature gradient 

s only observed at the cold side, but not at the hot side. Here, the

rientation of liquid molecules is analyzed to clarify these points. 

Fig. 8 (a) and (b) respectively display the profiles of the orien- 

ation order parameter in the SiO (OH) –triacontane system and 
2 2 

9 
iO 2 (OH) 2 –triacontanol system. Other cases have similar P ( z ) dis- 

ributions, as shown in the Section S5 of the Supporting Informa- 

ion. For SiO 2 (OH) 2 –triacontane system, the value of P ( z ) is neg-

tive in the region adjacent to the silica surface, which means 

hat triacontane molecules prefer the orientation parallel to the in- 

erface. In contrast, for SiO 2 (OH) 2 –triacontanol system, the value 

f P ( z ) is positive in the region adjacent to the silica surface,

hich means that triacontanol molecules prefer aligning vertical to 

he silica interface. As the region moves away from the interface, 

he orientation of both triacontane and triacontanol molecules 

ecomes isotropic and random, with P ( z ) ≈ 0. Such distribu- 

ion is commonly seen at interfaces between polymers and solids 

 40 , 4 8 , 4 9 ]. The vertical orientation of triacontanol molecules near

he interface is likely due to the geometric constraints by hydrogen 

onds with surface silanols. However, triacontane molecule does 

ot prefer such vertical adsorption structure because the triacon- 

ane does not form hydrogen bonds with surface silanols. Fig. 8 (c) 

ompares the temperature distribution of triacontanol molecules in 

he SiO 2 (OH) 2 –triacontanol system and their orientation order pa- 

ameter at the cold side. Firstly, the temperature gradient of bulk 

egion is constant where the triacontanol molecular orientation 

s random. On the other hand, the vertically aligned triacontanol 

olecules near the silica surface at the cold side form a temper- 

ture gradient that is different from that of the bulk region. It is 

orth noting that the region of vertical interfacial orientation of 

riacontanol molecules is almost identical to the region of smaller 

emperature gradient in triacontanol molecules. Thus, it can be im- 

ged that there is an efficient heat path at the cold side of silica–

riacontanol interface, where the heat is initially transported from 

ilanols to the nearby hydroxyl groups of triacontanols via hydro- 

en bonds, then from the hydroxyl groups to the backbones of tri- 

contanols via intramolecular interactions, and finally to triacon- 
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Fig. 9. (a) Comparison between original and local interfacial thermal resistances for diverse silica–triacontane and silica–triacontanol systems; (b) Effective hydroxyl density 

versus local interfacial thermal conductance (local ITC) for diverse silica–triacontanol systems; (c) Summary of this work. 
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anol molecules in the bulk region via intermolecular interactions, 

s shown schematically in Fig. 9 (c). The vertical orientation of tri- 

contanol toward the silica surface helps the heat to travel farther 

nd more efficiently. The smaller temperature gradient, i.e., higher 

hermal conductivity, of triacontanol at the cold side is exactly the 

mbodiment of the efficient heat transfer through intramolecular 

nteractions in the molecular backbones, which are oriented par- 

llel to the heat flux direction. As for silica–triacontane systems, 

riacontane molecules tend to lie on the silica surface and the ef- 

cient heat path discussed above cannot exist, and thus temper- 

ture gradients in the near-wall region and bulk region of tria- 

ontane liquids is similar. However, apart from silica–triacontane 

ystems, different temperature gradients between the near-wall re- 

ion and bulk region also cannot be observed at the hot side in 

ilica–triacontanol systems though triacontanol molecules also pre- 

er vertical orientation toward silica surface at hot side. Here, we 

uspect this is due to that higher temperature decreases the num- 

er and lifetime of silica–triacontanol hydrogen bonds, which re- 

ults in the silanol–hydroxyl–alkyl heat path being unstable and 

he amount of heat through this path is limited. In addition, there 

ay be some structural or dynamic differences that are not appar- 

nt from current analysis leading to this phenomenon at hot side. 

n any case, some future studies about such temperature effect are 

alled for to give a full understanding. 

In essence, the fundamental mechanism is that hydrogen bond 

cts as a bridge, and heat can be transferred via intramolecular in- 

eractions in the backbones of triacontanols. More hydrogen bonds 

orming and longer lifetime of hydrogen bonds are conducive to 
he interfacial heat transfer. l

t

10 
.6. Local interfacial thermal resistance 

As discussed in Section 3.5 , temperature gradient in the near- 

all region of the cold side, as well as the thermal conductivity, 

s different from that in the bulk region for silica–alcohol systems. 

ence, it is possible to obtain the negative ITR ( Fig. 4 (b)) if the

emperature distribution in the bulk region is extrapolated to cal- 

ulate the interfacial temperature difference at the cold side. Fur- 

hermore, as discussed in Section 3.4.1 , effective hydroxyl density 

nd ITC in Fig. 6 (e) show an excellent linear relationship at the hot 

ide, whereas the negative ITR obscures this correlation at the cold 

ide. In this section, we apply a local ITR that gives a clear correla- 

ion with effective hydroxyl density at both the hot and cold sides. 

o distinguish ITR mentioned in other sections from the local ITR, 

he former is named as the original ITR in this section. For the 

ocal ITR, the liquid temperature distribution in the region within 

2 Å (the cutoff radius of simulation setting) from the interface is 

xtrapolated to calculate the interfacial temperature difference. 

Fig. 9 (a) compares the local ITR and original ITR. For silica–

riacontane systems, local ITR and original ITR are almost the same. 

or results of local ITR and original ITR at the hot side in silica–

riacontanol systems, they are roughly equal. This is easily un- 

erstood by the fact that temperature gradients in the near-wall 

egion and bulk region are nearly equal. As shown in Fig. 8 (c), 

maller temperature gradient at the cold side in silica–triacontanol 

ystems ensures that the extrapolated temperature of triacontanols 

s always greater than that of the silica surface, which makes the 

ocal ITR always positive in contrast to the original ITR. Thus, the 

ocal ITR and original ITR at the cold side in silica–triacontanol sys- 

ems are much different. Fig. 9 (b) perfectly demonstrates the linear 
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elationship between the local interfacial thermal conductance (lo- 

al ITC) and effective hydroxyl density for silica–triacontanol sys- 

ems. It is worth noting that the slopes of effective hydroxyl den- 

ity versus the local interfacial thermal conductance at the cold 

nd hot sides are different, which is likely to highlight the effects 

f temperature on the number and lifetime of hydrogen bonds. 

. Conclusions 

In this work, we investigated the role of hydrogen bonds and 

nterfacial heat transfer between diverse silanol hydroxylated sil- 

ca surfaces and organic liquids using molecular dynamics simula- 

ions, where triacontane and triacontanol were chosen as hydrogen 

ond incapable and capable organic liquids, respectively. The sur- 

ace modification by silanols significantly improves the interfacial 

eat transfer between silica and triacontane/triacontanol. It is the 

nterfacial vibration matching but not the interfacial potential en- 

rgy or the amount of silanol groups that determines the interfa- 

ial heat transfer between silica and hydrogen bond incapable tria- 

ontane, whereas the amount of silanol groups can further affect 

nterfacial heat transfer in silica–triacontanol systems. In silica–

riacontanol systems, more silanols generally means smaller ITR, 

hough the effect is limited at higher silanol densities because 

ilanol–silanol hydrogen bonds hinder the formation of silanol–

riacontanol hydrogen bonds. Effective hydroxyl density, that only 

akes hydrogen bonds between silanol and liquid into account, is 

ound to correlate well with the ITC. In addition, temperature also 

nfluences the interfacial heat transfer of silica–triacontanol sys- 

ems because higher temperature lowers the number of hydrogen 

onds and weakens the lifetime. Different arrangements of surface 

ilanols result in different conformations of hydrogen bonds, which 

ffects the lifetime of hydrogen bonds. Finally, orientations of hy- 

rogen bond incapable and capable organic liquids are different, 

here triacontane prefers the orientation parallel to the interface, 

hile triacontanol prefers aligning vertical to the silica surface. As 

 result, there was an efficient silanol–hydroxyl(Alco)–alkyl(Alco) 

eat path at the silica–triacontanol interface, which caused the in- 

erfacial molecular layers of triacontanol to have higher thermal 

onductivity. 
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