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ABSTRACT
The transient time correlation function (TTCF) method has emerged as a powerful methodology for accurately probing systems at low shear 

rates. In the present study, TTCF was used to evaluate the shear rate dependence of the slip length in a high-slip system consisting of water 

confined between graphene walls at experimentally accessible shear rates, for which classical nonequilibrium molecular dynamics (NEMD) 

is unfeasible. The corresponding Navier friction coefficient was computed for all shear rates spanning six orders of magnitude and compared 

with the equilibrium limit. We report for the first time NEMD results obtained at experimentally accessible shear rates using the TTCF 

approach for a system that has attracted significant interest over the past decades. The slip length calculated with TTCF is in good agreement 

with previous equilibrium molecular dynamics simulations and experiments. Our aim here is to highlight the extraordinary power of TTCF, 

particularly for high-slip (low effective shear rate) systems, and to verify that equilibrium methods directly match NEMD measurements at 

experimentally accessible shear rates.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0334301

I. INTRODUCTION

Nonequilibrium molecular dynamics (NEMD) has proven to 

be highly effective for probing systems far from equilibrium, where 

strong driving fields generate clear responses that can be char-
acterized with good statistical accuracy. However, a well-known 

limitation of NEMD is its inability to capture the response of sys-
tems subjected to weak external fields, for which the signal-to-noise 

ratio (SNR) vanishes. Since such “weak” fields are the physically

relevant ones, direct NEMD simulations can only be used to extrap-
olate the system’s response to the weak-field limit. As a result, 

and despite various attempts to resolve such limitations in the past
decades, 

1,2 its capability to describe the tribology or rheology of
complex fluids, as well as experimental systems undergoing realistic 

shear rates, is heavily constrained.
In the 1980s, Evans and Morris derived the so called Transient-

Time Correlation Function (TTCF) method for the thermostatted 

nonlinear response to planar Couette flow. 

3–5 They provided an
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optimized implementation and proved its validity and agreement 

with standard NEMD for simple fluids. In the equilibrium limit, the 

TTCF and Green–Kubo 

6 methods are equivalent, making the TTCF 

approach as efficient as the Green–Kubo formulation, with the lat-
ter being restricted to linear response. 

4 As a consequence, the TTCF 

method is capable of bridging the linear and non-linear response, 

making it an extremely powerful molecular simulation tool to model 

realistic shear rates for complex fluids.
Since these early studies, the TTCF methodology has been used 

in a number of applications, 

7–23 including the study of confined 

systems at experimentally accessible shear rates. Currently, we are 

aware of only three studies that involve the use of TTCF to investi-
gate molecular fluids. 

11,16,21 It is also worth mentioning that Maffioli
et al. 

23 have recently developed a tool that enables users to easily 

access and use the TTCF algorithm incorporated within it and that 

is readily interfaced with the LAMMPS software package. 

24

In the present study, we apply the TTCF method to water con-
fined between graphene walls, focusing on the computation of slip 

length and the Navier friction coefficient. We then compare our 

TTCF results with the equilibrium method developed by Vargh-
ese et al., 

25 which in turn is based on the technique developed by 

Hansen et al. 

26 As a simple fluid, water does not strictly require the 

use of TTCF, as its linear response regime can be investigated with 

direct NEMD at sufficiently high shear rates. Nevertheless, systems 

involving water and graphene or carbon nanotubes have attracted 

considerable interest over the past decades, with their exception-
ally high slip representing one of the most distinctive interfacial 

properties. 

27–30 Moreover, direct NEMD measurements are charac-
terized by large statistical uncertainty for high slip systems. 

31 Given 

the limited number of studies employing TTCF to investigate molec-
ular fluids and the aforementioned interest in high-slip systems, we 

explore the applicability of TTCF to this type of system. Our results 

provide insight into both the reliability of TTCF for molecular flu-
ids and the interfacial friction characterizing water–carbon systems, 

which remain highly relevant for nanofluidic applications. To our 

knowledge, this is the first study in which the water–graphene sys-
tem is studied at experimentally accessible shear rates via NEMD 

simulation, allowing us to make direct comparisons to comparable 

experimental measurements.

II. METHODOLOGY
A. Transient-time correlation function

Several authors in the past have derived the nonlinear response 

for a generic phase variable of systems exposed to an external 

field. 

5,32–34 This response is referred to as the Transient-Time Cor-
relation Function (TTCF), and its most general expression for an 

arbitrary physical quantity B is as follows:

⟨B(t)⟩ = ⟨B(0)⟩ + ∫

t

0
ds⟨B(s)Ω(0)⟩. (1)

Here, the ⟨⋅⟩ operator denotes the ensemble average, and its 

definition is given in Eq. (2). Ω represents the dissipation func-
tion, proportional to the rate of energy dissipation and defined
as Ω = − U̇/k b 

T, where U is the total energy of the system. It is
assumed that the external field is turned on at t = 0 while the sys-
tem is in equilibrium. This formulation establishes a connection

between the ensemble average of a generic phase variable, i.e., an 

observable defined as a function of the system’s phase-space coor-
dinates (positions and momenta), and the energy dissipation of 

the initial state. Specifically, the value of the phase variable at time 

t depends on its correlation with Ω(0). The convergence of the 

TTCF integral is ensured when the system exhibits mixing. Two 

quantities are said to mix when they become statistically uncorre-
lated after a long enough time, and so when t → ∞, ⟨B(s)Ω(0)⟩ 

→ ⟨B(s)⟩⟨Ω(0)⟩. For a detailed discussion, the reader is referred to 

Ref. 34.
Formally, the ensemble average, typically the standard 

approach in NEMD, involves an integral over phase space weighted 

by the ensemble probability density. In practice, molecular dynam-
ics provides a discrete sampling of configurations drawn from this 

distribution, allowing the ensemble average to be approximated by a 

simple arithmetic mean over the N sampled configurations,

⟨B(t)⟩ =
1
N

N

∑
i=1

Bi(t). (2)

Equations (1) and (2) are formally equivalent and yield the same 

result. The difference lies in the fact that the TTCF formulation 

is based on the correlation with the dissipation function at t = 0, 

whereas Eq. (2) involves a direct evaluation of the ensemble average 

at each time. For this reason, we refer to Eq. (2) as the direct aver-
age (DAV), following the terminology previously adopted by other 

authors. 

22 Owing to this distinction, the two methods exhibit differ-
ent practical performance, as will be shown later in this study. It is 

important to stress that the data used for the two approaches are the 

same, and they are obtained from the same set of simulations; what 

changes is the way they are processed.

B. Molecular system setup
One drawback of the TTCF method is its significant com-

putational cost, which is necessary to obtain high-quality results. 

It requires a substantial number of independent trajectories, as 

observed and commented by various authors and noted specifi-
cally in specialized textbooks. 

6,32,34 Furthermore, molecular system 

simulations are inherently more computationally demanding than 

simpler cases like the Lennard-Jones fluid. For these reasons, we aim 

to strike a balance between computational efficiency and the physical 

reliability of the results.
Accordingly, the extended simple point charge (SPC/E) model 

is employed to describe the water molecules, 

35 owing to its rel-
atively low computational cost and reliability compared to more 

complex water models. The SHAKE algorithm 

36 is used to constrain 

the molecule, while the Tersoff three-body potential is employed for
the graphene sheets. 

37,38 The chosen models are the same ones uti-
lized by Varghese et al. 

25 Both of these models have proven suitable 

for the intended purpose. A Lennard-Jones short-range Coulom-
bic pair potential with a cutoff of r c 

= 10 Å is used to describe the
interactions between the water molecules and the graphene layers, 

as well as the interactions between the graphene layers themselves 

and water–water interactions. The Lennard-Jones parameters for 

the water–graphene interactions are taken from Werder et al. 

39 The 

particle–particle particle–mesh (PPPM) solver was used to compute 

the long-range Coulombic interactions with an accuracy of 10−5 . 

40

J. Chem. Phys. 164, 234702 (2026); doi: 10.1063/5.0334301 164, 234702-2

© Author(s) 2026

 
0
2
 
J
u
l
y
 
2
0
2
6
 
1
4
:
3
0
:
5
9

https://pubs.aip.org/aip/jcp


The Journal 

of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

A system with 320 water molecules was set up for this study. 

The water molecules were generated using Packmol, 

41 while the 

graphene sheets were generated in VMD using the carbon/boron 

nitride nanostructure builder plugin. Subsequently, VMD was 

employed to merge the solid and liquid phases. 

42 The walls are made 

of three A–B–A stacked graphene layers with a distance of 0.34 nm
between the adjacent layers. 

43 A recent study investigating the slip
length of water on graphene substrates with varying numbers of lay-
ers showed that the slip length is nearly fully converged from three 

graphene layers onward. 

44

The system’s temperature was maintained at 300 K using a 

Langevin thermostat 

45 applied to the two inner layers of each wall 

with a damping factor of 0.1 ps, while a third external layer was kept 

fixed to maintain a constant volume. Although the TTCF algorithm 

is formally valid for deterministic systems, our simulations show that 

a Langevin thermostat, despite being stochastic rather than deter-
ministic, still provides valid results for TTCF computations. To the 

best of our knowledge, this is the first implementation of TTCF 

using a Langevin thermostat. De Roma et al. 

46 previously demon-
strated that the stochastic dynamics inherent to dissipative particle 

dynamics do not preclude the applicability of TTCF. The Langevin 

thermostat was preferred over deterministic alternatives, such as the 

Nose–Hoover thermostat, due to its computational efficiency, i.e., 

faster thermalization of local degrees of freedom and the more direct 

dissipation of excess energy, resulting in shorter required simula-
tion times. 

47 The graphene layers had dimensions of approximately
22 Å in both nonconfining directions, x and y. Prior to fixing the
channel width, the system pressure was equilibrated to 1 atm by 

applying a force to the top wall while holding the bottom wall fixed, 

effectively mimicking a piston-like setup. The wall-to-wall channel 

width is h ≈ 2 nm. In Ref. 48, the friction coefficient was shown 

to be independent of the channel width, whereas Refs. 49 and 50 

demonstrated, using ReaxFF 

51 and the SPC/E model, respectively, 

that water exhibits enhanced viscosity and oscillatory behavior when 

h < 2 nm. Although such confinement-induced viscosity enhance-
ment may therefore play a role in the present system, we consider the 

case h ≈ 2 nm to be particularly relevant, as several previous com-
putational studies have focused on comparable channel widths, 

52–54 

and recent experimental investigations have explored water trans-
port in channels with h < 2 nm. 

53,55 In addition, the relatively low
computational cost associated with simulating this system is not only 

a consequence of the reduced number of particles but also of the 

narrow channel width, which leads to a faster convergence of the 

transient regime, as predicted by the analytical solution for Couette 

flow. 

56,57 A representation of the system is shown in Fig. S1 of the 

supplementary material.
The system was then sheared by moving the walls with equal 

and opposite speeds (±v), taking advantage of the shorter transient 

than the case with only one sliding wall. 

57 The value of v was chosen 

such that the desired applied shear rate was achieved. Falk et al. 

48 

reported that the friction coefficient is independent of the graphene 

sheet orientation, whereas Wagemann et al. 

54 demonstrated that 

orientation-dependent effects become appreciable only under strong 

external fields. On this basis, no preferential sliding direction is 

expected. Accordingly, in the present study the walls are displaced 

along the zigzag crystallographic direction. The use of a rigid model 

for the water molecule allows for a higher integration time step to be 

used, thereby not having to deal with the high frequency oscillations

of flexible harmonic bonds; hence, an integration time step δt = 2 

fs is used. The data are saved every 10 time steps. Simulations were 

performed using the LAMMPS software package, 

24 and an in-house 

implementation of the TTCF algorithm was used.

C. TTCF algorithm
To run multiple nonequilibrium (daughter) trajectories, an 

initial set of starting states is needed. This was generated from
8000 equilibrium (mother) independent trajectories. 

6,32,34 For each
mother, 125 states were sampled at a time interval of 3000 time steps 

(6 ps). A time interval longer than the decay times of the velocity 

autocorrelation function and the stress autocorrelation function, 

58,59 

which are, respectively, about 3.2 and 0.6 ps, was chosen to ensure 

that each state was independent of the others. The daughter tra-
jectories were followed for 10 ps. Each data point required about 

2 × 10 

5 cpu-hours. Periodically sampling the microstates from a tra-
jectory is a straightforward method to produce a set of independent 

and identically distributed points whose exact statistical ensemble is 

generally unknown. 

22,23 To speed up the process, multiple indepen-
dent equilibrium trajectories in the same thermodynamic state can 

be generated in parallel.
Since the convergence of the integral in Eq. (1) is guaran-

teed by the mixing nature of the system (t → ∞, ⟨B(s)Ω(0)⟩ → 

⟨B(s)⟩⟨Ω(0)⟩ = 0) and by ⟨Ω(t = 0)⟩ = 0, it is necessary to ensure 

that the empirical sample average of Ω(t = 0) is also identically 

zero. 

4,32 This can be achieved by using the following phase space 

mappings:

(x i, y i, z i, v xi 
, v yi 

, v zi 
) → (x i, y i, z i, v xi 

, v yi 
, v zi),

(x i, y i, z i, v xi 
, v yi 

, v zi 
) → (x i 

, y i, z i,−v xi 
,−v yi 

,−v zi), 

(x i, y i, z i, v xi 
, v yi 

, v zi 
) → (−x i, y i, z i,−v xi 

, v yi 
, v zi),

(x i, y i, z i, v xi 
, v yi 

, v zi 
) → (−x i 

, y i, z i, v xi 
,−v yi 

,−v zi).

(3)

The total number of simulated trajectories is four million. For each 

mapped trajectory, Ω(0) is first computed. After the four mapped 

trajectories have been simulated, the quantity B(s)Ω(0) is evaluated 

for each of them and subsequently used to calculate the ensem-
ble average ⟨B(s)Ω(0)⟩. This average is updated every time four 

new mapped trajectories are generated. Each trajectory, includ-
ing those originating from the same initial state, is assigned an 

independent random seed for the Langevin thermostat. The dissi-
pation function Ω for the present system is derived in Sec. S1 of 

the supplementary material. To perform statistical analysis, inde-
pendent ensemble averages are obtained from the four million 

trajectories, and the details of the averaging procedure are provided 

in Sec. III. Each block average is then time-integrated according 

to Eq. (1) to compute the time correlation function, using the 

trapezoidal rule.

III. RESULTS
A. TTCF validation

The first simulation aimed to verify the agreement between 

the direct averaged (DAV) NEMD quantities and the corresponding 

TTCF quantities, the accuracy of the algorithm and, ultimately, the 

fine-tuning of the input parameters. Quantities derived via TTCF are 

characterized by a statistical error that grows linearly with time. This

J. Chem. Phys. 164, 234702 (2026); doi: 10.1063/5.0334301 164, 234702-3

© Author(s) 2026

 
0
2
 
J
u
l
y
 
2
0
2
6
 
1
4
:
3
0
:
5
9

https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8512794
https://doi.org/10.60893/figshare.jcp.c.8512794


The Journal 

of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

behavior arises from the time integration of ⟨B(s)Ω(0)⟩, whose fluc-
tuations are time-independent. Therefore, to ensure an acceptable 

statistical uncertainty at steady state, a sufficiently large number of 

trajectories must be performed. We found that 5 × 10 

6 trajectories 

for each data point were satisfactory for our purposes. The results 

were then block-averaged to obtain 32 independent samples (each 

sample is obtained by averaging over 4 × 10 

6 

/32 trajectories), on 

which we performed the statistical analysis. The shear rate applied
to the system was ˙ γ = 5 × 10 

10 s 

−1, which is high enough to achieve
a good signal-to-noise ratio (SNR) with the DAV, which is taken as 

the benchmark in the present analysis.
As mentioned previously, the fluid is highly confined; therefore, 

its velocity profile near the walls deviates from the homogeneous 

continuum prediction. This is evident in Fig. 1, where we observe 

that the velocity profile far from the walls is approximately lin-
ear, while the first fluid layers adjacent to the walls deviate from 

it, taking values between the wall velocity and the linear predic-
tion. As expected, the system exhibits high slip at the interface, 

with an almost flat velocity profile, consistent with previous stud-
ies. 

31 Figure 1 also shows good agreement between the TTCF 

and DAV profiles within the statistical uncertainty. This is fur-
ther highlighted by the velocity time evolution (Fig. 2) and the 

shear stress at the interfaces (Fig. S2). In particular, in the former 

case, the TTCF data are less affected by thermal noise, which in 

the DAV results appears as fluctuations around the average local 

velocity. In both cases, the velocity evolution exhibits an over-
shoot before settling into its steady state, consistent with previous 

results. 

57

A weighted linear fit, with weights proportional to the inverse 

of the variance, was performed on both the DAV and TTCF veloc-
ity profiles (see Fig. S3), considering only the central region of 

the channel, which was ∼9 Å thick. The velocity profiles were 

obtained by time-averaging over the time interval (3.0, 3.5) ps. The 

corresponding slip length was computed as the ratio between the 

slip velocity v s, obtained from the linear fit, and the shear rate 

L s 
= v s 
/γ̇. The slip length is equal to 45.4 and 49.5 nm (see Fig. 4

FIG. 2. Water velocity evolution for both DAV and TTCF at coordinates z 

= {13.824, 15.744, 17.664, 21.504, 23.424, 25.344} from curve 1 to curve 6, and
for ˙ γ = 5 × 10 

10 s 

−1
(v = 50 m/s). 95% confidence intervals are shown for both

DAV and TTCF data. The inset at the top represents the channel layout and the 

corresponding coordinates.

for the confidence intervals) for the DAV and TTCF measurements, 

respectively.
A simulation for a higher shear rate of ˙ γ = 5 × 10 

11 s 

−1 was also 

run. Related results are provided in the supplementary material (see 

Figs. S4 and S5).

B. Low shear regime
The shear rates we simulated span 6 orders of magnitude, rang-

ing from ˙ γ = 5 × 10 

5 s 

−1 to ˙ γ = 5 × 10 

11 s 

−1. At lower shear rates, the
DAV is not able to achieve a good SNR, and at any shear rates lower
than 10 

9 s 

−1, it would not be possible to even compare it with the
TTCF. This is clearly shown for the velocity profiles in Fig. 3 (and

FIG. 1. System velocity profile for both DAV and TTCF at ˙ γ = 5 × 10 

10 s 

−1
(v = 50 m/s). In the left panel, the dark gray arrows and lines within the light gray regions (left 

and right) indicate the magnitude and direction of the wall velocity. The DAV velocity profile overlaps with the TTCF profile. The right panel shows a magnified view of the 

confined water velocity profile, corresponding to the light gray horizontal rectangle in the left panel. 95% confidence intervals are also shown for both DAV and TTCF data.

J. Chem. Phys. 164, 234702 (2026); doi: 10.1063/5.0334301 164, 234702-4
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FIG. 3. System velocity profile for both DAV and TTCF at ˙ γ = 5 × 10 

7 s 

−1
(v = 0.05 m/s) is shown in the figure. In the left panel, the dark gray arrows and lines within 

the light gray regions (left and right) indicate the magnitude and direction of the wall velocity. The right panel shows a magnified view of the confined water velocity profile, 

corresponding to the light gray horizontal rectangle in the left panel. 95% confidence intervals are shown only for the TTCF data, since those of the DAV exceed the scale 

of the right panel.

for the shear stress in Fig. S6) for ˙ γ = 5 × 10 

7 . Figure 4 shows the 

computed slip length for different shear rates. It is clear that for all 

the quantities computed by direct averaging, the SNR decreases, i.e., 

the error increases with decreasing shear rates, as we would expect. 

On the other hand, the opposite occurs for the TTCF calculations, 

consistent with trends observed in the study by Maffioli et al., 

23 

i.e., the statistical error in the DAV is smaller than that of TTCF 

for very high but experimentally unrealistic shear rates, as seen for
˙ γ = 5 × 10 

11 s 

−1. These results once again confirm the remarkable
superiority of TTCF to calculate all relevant physical properties of 

interest at shear rates that are experimentally accessible, while the 

usual DAV approach is futile.

FIG. 4. Slip length for different shear rates for both DAV and TTCF. DAV values for 

lower shear rates are not reported because they are out of range and characterized 

by very large errors.

C. Comparison between NEMD and EMD simulations 

We compare the low-shear Navier friction coefficient obtained 

from our NEMD simulations with that computed using the equilib-
rium method developed by Varghese et al. 

25 In the present study, 

the EMD method is applied to the system while a Langevin ther-
mostat is imposed on the graphene walls. A total of 40 equilibrium 

trajectories were simulated for the measurement. The NEMD Navier 

friction coefficient was calculated as

ξ =
τzx

vs
,

where τ zx is the shear stress at the fluid–solid interface, and v s 
is the

slip velocity, both taken from the TTCF results. To evaluate τ zx at
the solid–liquid interface, the interaction force exchanged between 

the liquid phase and the designated wall was computed at each time 

step and divided by the wall surface area. v s 
was instead derived from 

the projection of the linear fit onto the interface plane. The EMD 

and TTCF results show good agreement within confidence inter-
vals (Fig. 5). The discrepancy between the two can be attributed 

to the fact that the EMD method probes the fluid slab adjacent to 

the wall, whereas the NEMD friction coefficient relies on the slip 

velocity obtained by extrapolating a linear fit of the velocity profile 

in the central region of the channel. Clearly visible is the transition 

from linear to non-linear behavior of the friction coefficient between
˙ γ = 5 × 10 

9 s 

−1 and ˙ γ = 5 × 10 

10 s 

−1, where ξ decreases rapidly.

D. Comparison with the literature
It has previously been demonstrated that the friction coef-

ficient of water flowing between carbon interfaces is sensitive to 

surface curvature. 

48 For this reason, in the following discussion, we 

compare our results with studies involving similar interfacial topolo-
gies. Comparisons with carbon nanotubes are therefore avoided. 

Molecular dynamics studies reported in the literature differ in sev-
eral aspects, including the water model employed, the number of
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FIG. 5. Navier friction coefficient for both the EMD and TTCF methods, the latter for 

different shear rates. The EMD coefficient (red dashed line) was computed using 

the equilibrium method derived by Varghese et al. 

25 The red dotted lines indicate 

the 95% confidence interval.

graphene layers composing the walls, and the surface topology. 

Moreover, different types of flow have been used, such as Poiseuille 

flow, Couette flow, and counterforce-driven flow. These differences 

make direct comparisons between studies somewhat problematic. 

The slip length is an intrinsic property of the system and should be 

independent of the type of flow considered. However, the flow type 

becomes relevant when comparing results obtained under different 

regimes, such as the linear or nonlinear response regimes. There-
fore, we limit the comparison of our NEMD/TTCF slip length to the

computational study of Kannam et al., 

31 for which the shear rates 

used in their Couette flow simulations are reported. It should be 

noted that the SPC/Fw water model was employed in that study, 

and Celebi et al. 

60 showed that this model yields larger slip lengths 

compared to the SPC/E model used in the present study. We also 

compare our result to the range of computational slip lengths 

summarized in Ref. 60 for the SPC/E model (see Fig. 6).
In the study by Kannam et al., 

31 slip was investigated for a sim-
ilar water–graphene system under Couette flow using direct NEMD 

as well as the original EMD method developed by Hansen et al. 

26 

The main differences from the present study lie in the channel width 

(h ≈ 4 nm), the water model employed (they used SPC/Fw 

61 ), and 

the integration time step (δt = 1 fs). To determine the slip length, 

the authors tested several approaches. Using the method where the 

error was evaluated through uncertainty propagation, they reported 

L s 
= 65 ± 2 nm for ˙ γ ∼ 10 

10 s 

−1 and L s 
= 113 nm for ˙ γ ∼ 10 

11 s 

−1 (no 

uncertainty was provided for this value). In the present study, the 

slip length obtained with the TTCF method is L s 
= 49.5 ± 2.1 nm

and L s 
= 102.7 ± 10.9 nm for ˙ γ ∼ 10 

10 s 

−1 and ˙ γ ∼ 10 

11 s 

−1, respec-
tively. Celebi et al. 

60 also compare the computational slip length 

obtained from different studies using different techniques and water 

models. The slip lengths reported for the SPC/E model all range 

between 29 and 80 nm, confirming the agreement of the present 

study with the existing literature. Furthermore, in Ref. 52, a friction 

coefficient of 1.48 × 10 

4 kg/(m 

2 s) was reported for a system with 

single-layered walls. In Ref. 48, a friction coefficient in the range of 

1.40–1.50 × 10 

4 kg/(m 

2 s) was obtained for water confined between 

flat graphene sheets using the SPC/E model, whereas a larger value of 

∼2.05 × 10 

4 kg/(m 

2 s) was obtained in Ref. 25. The values obtained 

in the present study (ξ = 1.76 × 10 

4 kg/(m 

2 s) from EMD and 

ξ ≈ 1.69 × 10 

4 kg/(m 

2 s) from NEMD in the linear regime) fall 

within the range reported in the literature. Discrepancies with the 

literature may originate from several factors, such as the choice of 

integration time step, the cutoff radius, the thermostatting approach,

FIG. 6. NEMD/TTCF and EMD results for the slip length (top panel) and the friction coefficient (bottom panel) reported in this study compared with those taken as a reference 

from the literature.
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and the pressure equilibration protocol. In Fig. 6, we also com-
pare the NEMD/TTCF friction coefficient characterizing the linear 

regime of the system with values reported in some of the works 

available in the literature related to the SPC/E water model.
Over the past decade, several experiments have investigated 

water flow over flat graphene surfaces using two-dimensional rect-
angular channels, in which two dimensions are orders of magnitude 

larger than the third (h). Among the earliest, Xie et al. 

62 performed 

capillary flow experiments using a hybrid nanochannel design and 

reported a median slip length of 16 nm for h between 24 and 

124 nm. This value exhibited a large scatter (0–200 nm) with no 

clear dependence on h, which was attributed to surface charges 

on graphene and interactions with the underlying silica substrate. 

Surface charges were argued to perturb the interfacial potential 

energy landscape, reducing both its smoothness and the effective 

hydrophobicity of graphene, while incomplete screening of the polar 

silica support by a single graphene layer may further suppress slip-
page. Evaporation-driven flow through Å-scale capillaries, was later 

measured by Keerthi et al. 

55 using microgravimetry for h rang-
ing from 0.68 Å to 8.5 nm, from which L s 

≈ 60 nm was inferred. 

More recently, Chen et al. 

63 employed a three-dimensional flow 

model accounting for non-uniform velocity profiles and performed 

measurements for h = 45 nm, obtaining L s 
= 40 nm and L s 

= 33 

nm. They further showed that Refs. 55 and 62, relying on two-
dimensional models, systematically overestimated the slip length. 

In addition, Radha et al. 

53 had previously measured evaporation 

driven flow through Å-scale capillaries but they did not derive the 

related slip length. In the literature, there is also another set of stud-
ies in which the slippage of water on graphene layers was measured
via Atomic Force Microscopy (AFM). 

64–66 They all report similar
slip lengths, 4.3 ± 3.5 nm, 

64 6.8 ± 2.9 nm, 

65 and 8 nm, 

66 which are 

smaller than the values discussed so far. In particular, Han et al. 

64 

investigated slip length translucency by measuring slip for different 

numbers of graphene layers (n) and different underlying substrates. 

They highlighted a converging slip length for n ≥ 3, independently
of the substrate, at a shear rate of 10 

3 –10 

4 s 

−1. They suggested that
the smaller slip lengths obtained, compared to values reported in the 

literature, may arise from the different systems investigated, namely, 

unconfined water. In Fig. 6, we also include the slip lengths obtained 

from the experimental studies discussed here. Although experimen-
tal measurements are sensitive to surface charge, roughness, and 

the nature of the supporting substrate, and computational stud-
ies employ different modeling approaches, often disregarding the 

quantum contribution to the friction coefficient, 

67 the slip length 

obtained in the present study compares favorably with the results 

reported in most of the aforementioned studies.

IV. CONCLUSIONS
In this study, we have demonstrated the applicability of TTCF 

for molecular fluids in high-slip systems and quantified the slip 

behavior of water flowing over flat graphene surfaces by means of 

non-equilibrium molecular dynamics simulations, extracting slip 

lengths over a range of applied shear rates. For the first time, 

the transient time correlation function approach was employed 

for this system to access experimentally relevant shear rates. In 

the linear response regime, the TTCF results were found to be 

consistent with the friction coefficient obtained from equilibrium

molecular dynamics and in good agreement with previous computa-
tional studies. Furthermore, comparison with available experimental 

measurements of water flow over flat graphene surfaces revealed 

close quantitative agreement, supporting the validity of the present 

methodology. More generally, the TTCF framework provides a route 

to characterize rheological properties such as viscosity under shear. 

This highlights its potential for investigating non-Newtonian effects, 

including shear-thinning behavior, in more complex fluid systems. 

In the context of tribology, this capability is particularly relevant for 

understanding interfacial transport and friction in lubricated con-
tacts, where both slip and rheological response play a key role in 

determining macroscopic performance.

SUPPLEMENTARY MATERIAL

The supplementary material is available, containing additional 

results, data, and an analytical derivation that complements the main 

text.
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