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ABSTRACT 

Vibrational coupling, although well-explored in many fields, has seldom been investigated 

in the context of mass transport. In this letter, we examine the impact of vibrational coupling on 

atomic transport using simple molecular dynamics simulations. Our study shows that the atomic 

transport can be activated when the natural frequency of the atomic slit is close to the natural 

frequency of the atom being transported. We uncover the presence of fluctuating forces induced 

by vibrational coupling, with higher amplitudes observed when the coupling is strong. We show 

that the transport activation mechanism is due to the high force fluctuations that arise during strong 

vibrational coupling allowing the atom to temporarily surpass the transport barrier of the slit. Our 

findings will serve as a foundation for the continued examination of vibrational coupling in the 

realm of mass transport.  
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At the molecular scale, all matter vibrates and coupling between matter can give rise to 

interesting physical phenomena. For example, in the field of energy transfer, the inter-molecular 

vibrational coupling serves as an efficient route for energy transfer1,2. In the field of chemistry, 

vibrational coupling between the substance and photon has been demonstrated to modify the 

reaction selectivity3,4 opening massive possibilities to control chemical reactions. Additionally, 

vibrational coupling plays an important role in protein dynamics5, vibrational spectroscopy6, and 

interfacial heat transfer7. Despite its relevance in various fields, vibrational coupling is a relatively 

unexplored concept in the realm of nanoscale mass transport. 

Microscopic mass transport is a vital process in living systems to operate numerous 

functionalities such as delivering nutrition, transferring neurotransmitters, and regulating 

homeostasis8. During the last few years, artificial nanofluidic devices have received significant 

attention due to their attractive properties in electricity generation9, energy storage10, water 

purification11,12, and molecular separation13. Moreover, recent progress in nanopore fabrication 

techniques has led to the production of large-scale two-dimensional nanoporous materials with 

uniform pore sizes14,15 contributing to innovative nanofluidic applications. The critical length scale 

in interesting nanofluidic applications ranges from a few Angstroms to several tens of Angstroms. 

The fluctuations/vibrations of nanofluidic devices can be comparable to the critical length scale 

and this can impact nanoscale transport [16]. However, there is a lack of fundamental 

understanding of how mass transport is influenced by vibrational coupling between the solid media 

(nanofluidic channel/pore) and the fluid media being transported. 

 There have been previous reports indicating the relationship between vibrational coupling 

and the diffusion of fluids. In 2015, Ma et al.17 conducted molecular dynamics (MD) simulations 

and found that the diffusion of water molecules in a carbon nanotube increased by more than 300% 
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due to the longitudinal phonon mode of nanotube. The theory proposed by Marbach et al.18 

suggests that the effective diffusion of fluids within a wiggling channel can be either enhanced or 

reduced depending on the spectrum of surface fluctuations. Noh and Aluru19 performed MD 

simulations and reported a two-fold faster water desalination due to vibrational coupling between 

water and membrane. Their subsequent work16 showed that vibrational coupling becomes 

increasingly influential in smaller pores (water flow increases up to 500 % in a 0.75 nm diameter 

pore). MD simulations performed by Lyu et al.20 show increased ion conductivity in a flexible 

covalent organic framework membrane, which better aligned with experimentally measured ion 

conductivity. Despite these previous reports, the fundamental physical mechanism behind the 

enhancement of mass transport through vibrational coupling remains largely unknown. 

 

 

FIG. 1. Illustrative representation of systems for atomic transport through oscillatory slits. 

(a) An illustration of atomic transport and rejection in a porous membrane (b) A stationary slit. (c) 

An oscillatory slit, in which a spring is attached between the slit atom and a fixed point. The blue 
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line denotes the transport barrier of the slit. 𝐹ext  is the force exerted on the atom undergoing 

transport, ℎ is the separation of slit, 𝑈slit is the transport barrier of slit. 

 

To investigate the effect of vibrational coupling on microscopic mass transport phenomena, as 

illustrated in Fig. 1(a), we designed simple molecular dynamics simulations consisting of one atom 

being transported and two slit atoms. This setup forms a straightforward, yet an effective model, 

to clearly demonstrate the vibrational coupling effect in the atomic transport process. We 

considered two different cases: one being a stationary slit with a fixed position (see Fig. 1(b)), and 

the other being an oscillatory slit, where the slit oscillates (see Fig. 1(c)). For microscopic 

oscillations of slit, springs are attached between the slit atoms and fixed points. The slit is restricted 

to move only along the x-coordinate for the sake of simplicity. The interatomic force was modeled 

using the Lennard-Jones (LJ) potential with a cutoff distance of 25 Å. The LJ parameters were 

taken to be 𝜎 =  3.39 Å and 𝜖 = 0.0692 Kcal/mol for the slit atoms and 𝜎 =  2.50 Å and 𝜖 =

0.0300 Kcal/mol for the representative fluid atom undergoing transport. The cross-interaction LJ 

parameters were calculated using the Lorentz-Berthelot mixing rule. The atomic mass is set to be 

1 g/mol for the atom undergoing transport and 12 g/mol for the slit atom. The separation of slit 

size is 4.9 Å (center-to-center distance) and the initial distance between the center of slit and the 

atom undergoing transport was set at 4 Å. The initial Hamiltonian of the slit atom is set to be 2𝑘𝐵𝑇, 

where 𝑘𝐵 is the Boltzmann constant and 𝑇 is the temperature (298 K in this work). The time step 

for the simulation was set at 1 fs, and the atomic trajectories were calculated under the 

microcanonical ensemble using Large-scale Atomic/Molecular Massively Parallel Simulator21. 

We considered various natural frequencies of the slit (5 cm−1 ≤ 𝜔s ≤ 1000 cm−1) by adjusting 
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the spring constant. The natural frequency of the slit 𝜔s is determined by the spring constant and 

the mass of the slit atom, which is given by the formula 𝜔s =
1

2𝜋𝑐0
√

𝑘

𝑚s
 in units of 1/distance, where 

𝑐0 is the speed of light in vacuum, 𝑘 is the spring constant, and 𝑚s is the mass of the slit atom. For 

comparison, we also considered a stationary (immobile) slit where the vibrational coupling is 

absent.  

 

 

FIG. 2. Alterations of atomic trajectories and x-v phase plot due to the vibrational coupling. 

Atomic trajectories (left) and x-v phase plot (right) are depicted for (a) a stationary slit, (b) a high 

frequency slit, (c) a near-critical frequency slit, and (d) a low frequency slit. 𝑇 is the period of the 
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trajectory. 𝜔t and 𝜔s are the natural frequencies of the atom undergoing transport and the slit, 

respectively. 𝑐0 is the speed of light in vacuum. 

 

To investigate transport of the representative fluid atom (simply referred to as the atom in 

the rest of the discussion), we exerted a constant force of 0.02084 nN on the atom. Fig. 2(a) shows 

the trajectories of atoms and the stationary slit. The atom approaches the slit due to the external 

force. However, the external force is insufficient to surmount the transport barrier of the slit, 

created by the repulsive LJ potential. As a result, the atom bounces back from the slit and oscillates 

at the entrance of the slit creating motions in the 2D plane. In the absence of vibrational coupling 

(i.e., in the stationary slit case), the atom exhibits periodic oscillations, resulting in a simple closed 

loop in the x-v phase plot, which is symmetric with respect to the velocity axis. The natural 

frequency of the atom undergoing transport 𝜔t can be calculated from the trajectory as 𝜔t =
1

𝑇𝑐0
 

in units of 1/distance, where 𝑇 is the period of the trajectory. The frequency was calculated to be 

70 cm−1, equivalent to 2.1 THz, with an amplitude of 3.17 Å for the parameters used in the present 

study. In contrast, the presence of vibrational coupling (i.e., oscillatory slit case), introduces 

additional complexity in trajectories and the x-v phase plot as shown in Fig. 1. This effect becomes 

greater when the natural frequencies of the slit and atom are close to each other. Notably, we found 

that the vibrational coupling can activate atomic transport. Specifically, in the case of strong 

vibrational coupling (i.e., the natural frequencies are close to each other, 𝜔s ≈ 𝜔t), the atom was 

able to overcome the transport barrier of the slit, breaking the symmetry of the x-v phase plot. On 

the other hand, when the vibrational coupling is weak (i.e., 𝜔s ≪ 𝜔t or 𝜔s ≫ 𝜔t) the atom was 

unable to surmount the transport barrier of slit and the x-v phase plot remains symmetric with 
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respect to the velocity axis. This result highlights that the vibrational properties of materials are a 

crucial factor for microscopic mass transport. Also, the transport of an oscillating atom involves 

non-linear symmetry breaking phenomena. We note that a similar behavior was observed for a 

forced oscillation where the slit oscillates with a predefined sine function. This suggests that the 

use of external means of vibrations, such as photons, can modulate the microscopic mass transport. 

In fact, modulating chemical reactions and the state of matter using light-matter vibrational 

coupling has been actively studied3,22–25. Further investigations are needed to explore the feasibility 

of altering microscopic transport through light-matter vibrational coupling as this could have 

significant implications for a range of fields, including materials science, chemistry, and 

nanotechnology. 

 

 

FIG. 3. Vibrational coupling-induced force 𝚫𝑭  and its fluctuation for different natural 

frequencies of the slit. The red lines represent superimposed Δ𝐹 for various contacts. 𝜔s and 𝜔t 

are the natural frequencies of the slit and the atom undergoing transport, respectively. In this case 

study, 𝜔t is fixed at 70 cm−1. 
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To gain a deeper understanding of the underlying physical mechanisms, we analyzed the 

dynamics of force for over 100 different initial positions of the slit for each frequency. We 

computed the forces acting on the atom from the slit. Then, the force difference Δ𝐹, referred to as 

the vibrational coupling-induced force, was obtained using the formula Δ𝐹(𝑡′) = 𝐹𝜔(𝑡 − 𝑡ω) −

𝐹0(𝑡 − 𝑡0), where 𝐹𝜔 and 𝐹0 are the forces acting on the atom from oscillatory and stationary slit 

respectively, 𝑡′ is time elapsed since contact, 𝑡ω and 𝑡0 are the time of contact in oscillatory and 

stationary slit, respectively, defined as the moment when the atom is closest to the slit. We 

superimposed the force difference for various contacts and plotted the results in Fig. 3. The 

vibrational coupling-induced force Δ𝐹 exhibits fluctuations for different contacts and its amplitude 

and shape vary depending on the natural frequency of the slit (the natural frequency of the atom is 

fixed). Importantly, the amplitude of Δ𝐹  is maximum when the natural frequency of the slit 

matches with the natural frequency of the atom. This effect is attributed to the enhanced 

momentum exchange between the atom and the slit when their frequencies match. The momentum 

flux can be written as 
𝑑𝑀

𝑑𝑡
=

𝑑𝑚

𝑑𝑡

𝑑𝑥

𝑑𝑡
+ 𝑚

𝑑2𝑥

𝑑𝑡2, where 𝑀 is the momentum and 𝑚 is the mass. For the 

system where the time derivative of mass is zero (
𝑑𝑚

𝑑𝑡
= 0) , the force is equivalent to the 

momentum flux as 𝐹 = 𝑚
𝑑2𝑥

𝑑𝑡2 =
𝑑𝑀

𝑑𝑡
. Thus, in our system the fluctuations of Δ𝐹 are equivalent to 

the fluctuations of vibrational coupling-induced momentum flux between the atom and the slit. 

Thus, the augmented fluctuations under the strong vibrational coupling can be understood as the 

result of enhanced momentum exchange when the natural frequencies match. Besides, the 

diminishing fluctuations of Δ𝐹 at low and high frequencies can be rationalized by considering the 

low and high frequency limits. At the high frequency limit, the slit behaves like a stationary slit as 

it is anchored by an infinitely stiff spring and vibrates with an infinitesimal amplitude and an 
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infinitely high frequency. On the other hand, at the low frequency limit, the velocity of the slit is 

almost invariant with respect to time. As the atom moves in conjunction with the slit, the atom 

hardly perceives the motion of the slit according to the equivalence principle. As a result, a slit 

oscillating at high and low frequency limit has a negligible impact on the dynamics of the atom. 

 

 

FIG. 4. Distribution of vibrational coupling-induced impulse 𝚫𝑰 for different frequencies of 

the slit. (left) low frequency slits (𝜔s ≤ 𝜔t) and (right) high frequency slits (𝜔s ≥ 𝜔t). The green 

grid area represents transport region (Δ𝐼 ≥ 𝐼th − 𝐼0 ) . Δ𝐼  is the time integration of Δ𝐹  that 

represent momentum exchange caused by vibrational coupling (specific formula can be found in 

the main text). 𝐼th is the threshold impulse that is needed to surmount the transport barrier of the 

slit 𝑈slit , which is given by 𝐼th = √2𝑚t𝑈slit , where 𝑚t  is the mass of the atom undergoing 

transport and 𝐼0 is the impulse obtained from the stationary slit case. 

 

Next, we will further delve deeper into how a fluctuating force with zero-mean activates 

the atomic transport. The time integration of Δ𝐹 characterizes the momentum exchange caused by 
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vibrational coupling: Δ𝐼 = ∫ Δ𝐹
𝑡AC

𝑡BC
𝑑𝑡 , where 𝑡BC  and 𝑡AC  are before and after contact, 

respectively, that are the moments when the atom is farthest from the slit. The probability 

distributions of Δ𝐼 are shown in Fig. 4. Δ𝐼 has zero mean and its distribution becomes wider when 

the natural frequency of slit matches that of the atom. The distribution of Δ𝐼 exhibits multiple 

peaks with complicated shapes and do not follow a well-defined distribution such as a Gaussian 

or a Poisson distribution. Δ𝐼  is also a fluctuating quantity that changes from one collision to 

another. The fluctuations of Δ𝐼  can activate the atomic transport by allowing the atom to 

momentarily overcome the transport barrier of the slit. Recall the fact that transport occurs when 

vibrational coupling is strong where the distribution of Δ𝐼 is wider. This implies that there is a 

specific limit of Δ𝐼 for transport. To determine this limit, we calculated a threshold impulse  𝐼th 

that corresponds to the transport barrier of slit, which is given by 𝐼th = √2𝑚t𝑈slit, where 𝑚t is 

the mass of the atom undergoing transport and 𝑈slit is the transport barrier of slit. Using that and 

the impulse in stationary slit 𝐼0, we identify the transport region given by Δ𝐼 ≥ 𝐼th − 𝐼0 (See Fig. 

4.). This suggests that transport is activated when the vibrational coupling creates Δ𝐼 that is higher 

than 𝐼th − 𝐼0. This analysis is consistent with our simulation data where the atomic transport is 

activated for 𝜔s = 70 cm−1  where Δ𝐼  lies within the transport region. Thus, the physical 

mechanism behind the transport activated by vibrational coupling is that the vibrational coupling 

creates fluctuations of exchanged momentum between the slit and the atom undergoing transport. 

This fluctuation provides changes for the atom to momentarily surmount the transport barrier of 

the slit. 

In summary, our study demonstrates the activation of atomic transport in Angstrom-scale 

slits through vibrational coupling between the slit and the atom and revealed the underlying 
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physical mechanism. We found that atomic transport is activated when a slit vibrates with a certain 

range of frequencies. By comparing the forces exerted from the stationary slit and oscillatory slit, 

we reveal the existence of force induced by vibrational coupling. This vibrational coupling-

induced force exhibits temporal fluctuations, and its amplitude is maximized when the natural 

frequency of the slit matches that of the atom undergoing transport. This effect is due to the high 

rate of momentum exchange between the atom and the slit when their natural frequencies match. 

We analyzed the momentum change caused by vibrational coupling (the vibrational coupling-

induced impulse Δ𝐼). Remarkably, vibrational coupling widens the distribution of Δ𝐼 and affords 

the atom with an opportunity to momentarily overcome the transport barrier of the slit. These 

findings contribute to the understanding of vibrational coupling in the realm of mass transport and 

lays the foundations for future investigations in this field. We remark that this work has far-

reaching implications for modulating and engineering microscopic mass transport using 

vibrational coupling. 
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