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Proton transport in water confined in carbon nanotubes: a reactive molecular dynamics study

M. Esai Selvan, D.J. Keffer*, S. Cui and S.J. Paddison

Department of Chemical and Biomolecular Engineering, University of Tennessee, Knoxville, TN 37996-2200, USA

(Received 15 December 2009; final version received 5 March 2010)

The effects on the structural and transport properties of a proton in water confined in carbon nanotubes of radii ranging from
5.42 to 10.85 Å were studied by employing a recently devised reactive molecular dynamics (RMD) scheme. The formation
of distinct layers was observed in the computed radial density profile of water. Affinity of hydronium ions towards the
tube–water interface and its preferential orientation with the oxygen atom protruding towards the wall was observed.
The axial water diffusivity was observed to decrease with increasing confinement of water. Analysis of the axial charge
diffusivity and its two components (structural and vehicular) was also performed. Confinement was found to have a more
significant effect on structural diffusion than on vehicular diffusion. The axial vehicular component of the charge diffusivity
in the nanotube of radius 10.85 Å was found to be equal to the value computed in bulk water while structural component was
12% of the value observed in bulk water, which resulted in a total charge diffusivity of 42% of the diffusion in bulk water.
The confined geometry affects the system energetically and perturbs the solvation structure around the proton from that
found in bulk water. The RMD algorithm, which defines the occurrence of a proton transfer reaction based on the
satisfaction of a set of triggers, identified the energetic factor to be greatly responsible for the decreased structural diffusion
of a proton.
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1. Introduction

Proton transport is a key process in many chemical

(acid–base solutions), biological (proteins and enzymes)

and electrochemical [proton exchange membranes (PEM)]

systems and hence a fundamental understanding of this

process will benefit a wide range of applications. One of the

potential applications of proton transport includes the

energy conversion in PEM fuel cells. Many PEM fuel cells

use perfluorinated sulphonic acid polymers (e.g. Nafion,

Flemion and Aciplex) as electrolytes, which have a

perfluorinated backbone andpendant side chains containing

sulphonic acid (SO3H) groups. Hydration of the materials

leads to a spontaneous segregation into hydrophobic

(perfluorinated backbone) and hydrophilic regions (water

and charged side groups) whose characteristic dimensions

are of the order of nanometres. It is through the hydrophilic

domain networks that the proton is transported. Therefore,

understanding the relationship between proton transport

and the hydrated morphology, which is governed by the

polymer structure [1,2], is important in the development of

economically viable PEM fuel cells.

There is a significant understanding of the molecular-

level mechanisms of proton transport in bulk water.

The proton is transported via both structural diffusion [3,4]

and mass diffusion as hydronium ions (vehicular

diffusion). Structural diffusion involves the hopping of

protons from one water molecule to another via structural

defects [5]. The hopping mechanism is responsible for the

high mobility of protons compared to other cations of

similar size and charge in aqueous media [6]. Structural

diffusion of the proton in aqueous media occurs by the

continual interconversion of two predominant structures of

Zundel [7] (H5O2
þ) and Eigen [8] (H9O4

þ) cations with the

cleavage and formation of the hydrogen bonds in the

second solvation shell [3,9].

The aqueous domains within PEMs differ from bulk

water in two important ways. First, the proton is in a highly

acidic environment and, second, the proton is in a confined

fluid. The effects of confining the proton transport to very

small aqueous regions are not completely understood.

However, both experimental and modelling studies have

revealed that the water in PEMs exhibits a decreased

polarity and rate of relaxation and an increase in the degree

of the spatial and orientational order when compared to

bulk water [10–13]. We have examined systems in which

the acidity and confinement can be independently varied to

better understand how these two factors, acidity and

confinement, impact proton mobility. Previously, we

investigated the effects of acidity on proton transport in

aqueous solutions of HCl [14]. In the present study, we

examine only the effect of confinement on proton transport

in dilute acidic solutions in carbon nanotubes (CNTs). This

ability to distinguish between the impact of acidity and

confinement on proton transport may help to understand

the cumulative behaviour of proton transport in PEMs,

where both acidity and confinement are present.
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Currently, there is evidence from theory and

simulation that both proton transport mechanisms are

active in PEMs [15–19]. However, the extent to which

these two mechanisms function in an environment with

high local density of acidic groups is unclear [20,21].

Recent investigations employing ab initio molecular

dynamics (AIMD) simulations of proton transport in the

mono-, di- and tetra-hydrates of trifluoromethanesulpho-

nic acid substantiate the evidence that structural diffusion

occurs in systems with very high densities of SO3H and

encapsulated water [22,23].

Various modelling techniques such as Car–Parrinello

AIMD [4,24], mixed quantum and classical mechanics

techniques [25,26] (QM/MM), various empirical valence

bond (EVB) schemes [27–30], a mixed MD/MC

algorithm [31] and the Q-HOP MD method [32] have

been devised to investigate proton transport. We have

chosen to utilise a reactive molecular dynamics (RMD)

algorithm, which has been applied previously to study

proton transport in bulk water [14] as well as the thermal

decomposition of perfluorodimethyl ether [33]. Using the

RMD algorithm, the effect of acidic environment on the

mechanisms of proton transport has already been

investigated by the implementation of the algorithm in

aqueous HCl systems of concentrations ranging from 0.22

to 0.83M [14]. One advantage of the RMD algorithm is

that, although it was parameterised in bulk water, it can be

applied to bulk HCl solutions or to transport in CNTs

without reparameterisation, because, at least to the

coarse-grained level of description contained within the

algorithm, it is able to directly account for the impact of

the local environment on the reaction rate.

The transport properties of protons through water

confined in CNTs of various diameters have been

investigated earlier by AIMD simulations [34], classical

MD simulations using potentials derived from ab initio

calculations [35] and EVB models [36,37]. When the

channels are very narrow (i.e. a (6,6) CNT of radius

4.07 Å), water wires are formed [34,37]. Proton diffusion

through these well-aligned (defect-free) quasi-1D hydro-

gen-bonded water chains exceeds that in bulk water by a

factor of 40 [37]. The influence of the electrostatic forces

due to charge or polarity of the CNT leads to the formation

of hydrogen-bonding defects in the water wire such as the

L- and D-defects, which can drastically hinder the proton

transfer mechanism [37]. A proton encapsulated within a

water wire in a CNT is found to be highly stabilised but in

the presence of an electric field, rapid diffusion is observed

[34]. Once the CNT radius is large enough to have a 3D

hydrogen-bonded water network, the proton diffusivity is

sensitive to the channel radius and increases with the

decrease in confinement [36].

In this work, the RMD algorithm has been applied

to simulate proton transport through water confined in

CNTs of radii from 5.42 to 10.85 Å to study the effect

of confinement on the individual contribution of the

component of the charge diffusion and to understand the

probable reasons that can affect the structural diffusion of

proton under confinement. CNTs play a pivotal role in a

wide range of applications from membrane separations to

drug delivery and hence understanding the effect of the

confined CNT geometries on fluid transport properties has

independent merit [38].

The paper is organised as follows: the methodology,

including a brief description of the RMD algorithm and the

details of the simulations are described in Section 2, the

results and discussion are presented in Section 3 and

the conclusions are summarised in Section 4.

2. Method

The structural diffusion of a proton is modelled with the

RMD algorithm, whose details are presented in our earlier

work [14,33]. A short description of the method is given

here. The proton transfer process can be written as the

following chemical reaction:

H3Oþ þ H2O !
nH2O

H2Oþ H3Oþ: ð1Þ

Chemical reactions occur when the reactant molecules are

suitably oriented and have sufficient energy to overcome

the activation barrier for the formation of the products.

The RMD algorithm coarse grains the chemical reaction

via three steps: (i) satisfaction of a set of geometric and

energetic triggers, (ii) instantaneous reaction and (iii) local

equilibration. We perform a classical MD time step in the

RMD algorithm. At the end of each MD time step, the

three steps of the RMD algorithm are implemented.

The first step checks whether the reactants (H2O and

H3O
þ) satisfy a set of six geometric triggers and one

energetic trigger. The functional form of these triggers

indicates that the reactant is following a trajectory leading

to the transition state, as determined by quantum

mechanical calculations. In other words, satisfying a set

of triggers ensures that one has the correct starting

configuration for the reaction in Equation (1) to take place.

For this specific reaction, the six geometric triggers dictate

(1) a maximum separation between the O of the H3O
þ ion

and the O of the H2O molecule participating in the

reaction, rOO,Zundel,max, (2) a minimum separation between

the proton to be transferred and the O of the H3Oþ ion,

rOH,Equilib, (3) collinearity of the O of the H3Oþ ion, the O

of the H2O molecule and the proton to be transferred,

uOHO, (4) proper HZOZH bond angles between the proton

and H on the water molecules, in accord with sp3 bond

hybridisation, uHOH, (5) hydrogen bonding of the two

non-transferring H on the H3Oþ ion with O of solvating

water molecules, rOO,Eigen,max and (6) hydrogen bonding of

the two H atoms on the H2O molecule with O of other
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water molecules, rOO,Hydration,max. The energetic trigger,

Ea,f, ensures that the total energy of the proton to be

transferred that is composed of the kinetic energy

projected along the reaction axis and all components of

the potential energy (intramolecular interactions and

intermolecular – both Lennard-Jones (LJ) and electro-

static interactions) is sufficient to overcome the activation

barrier for reaction. The numerical values of these triggers

are tuned to the experimental reaction rate as a function of

temperature to yield the correct activation energy and rate

constant for bulk water. The schematic representation of

the six geometric triggers is shown in Figure 1 and the

trigger values are given in parenthesis. The first step of a

reaction in the RMD algorithm is therefore the satisfaction

of a set of triggers for a favourable starting configuration

for the reaction to take place.

The RMD algorithm includes fewer details than the

quantum mechanical studies and many more details than

the macroscopic modelling. The RMD triggers represent a

necessary and sufficient condition for reaction to take

place and predict well the charge diffusivity in bulk water,

but they may not be the only set of triggers capable of

doing so. It is possible that an alternative set of triggers

including, for example, coordination number of water

molecules in the first solvation shell might also suffice, but

that alternative has not been explored here. There are

certainly more detailed characteristics of the proton

hopping process that do not appear in the more coarse-

grained RMD description. For example, recent studies

indicate that the cleavage of an acceptor-type hydrogen

bond of a water molecule in the first solvation shell

(forming the Zundel complex) is the rate limiting step

associated with partner exchange and the cleavage of a

donor-type hydrogen bonds of the other two water

molecules (in the first solvation shell) not involved in

the reaction is likely to be associated with the actual proton

transfer event [9]. The purpose of the RMD algorithm,

like any coarse-grained procedure, is to capture the

basic behaviour of the system with as few degrees of

freedom as possible. Admittedly, in this procedure, the full

(f)

(a)

(c) (d)

rOO,Eigen ≤ rOO,Eigen,max

(2.35 Å – 2.93 Å)

rOO,Zundel ≤ rOO,Zundel,max

(2.35 Å – 2.75 Å)

rOO,Hydration ≤ rOO,Hydration,max

(2.50 Å – 3.29 Å)

rOH,Zundel ≥ rOH,Equilib

(≥ 0.965 Å)

(e)

(b)

qOHO ≈ 180°
(≥ 146.0°)

qHOH ≈ 105°
(65° – 143°)

Figure 1. Graphical representation of six geometric triggers for structural diffusion: (a) OZO separation must form a Zundel ion,
(b) O*ZH separation must exceed the equilibrium bond distance, (c)/OHO is nearly linear in the Zundel ion, (d) lone pair of electrons in
the water should point towards the proton, (e) initial H3O

þ forms an Eigen ion and (f) Eigen ion is formed around final H3O
þ. These six

geometric triggers must be satisfied along with the energetic trigger for the reaction to take place. The allowable range of the triggers is
listed in parentheses. O of H3O

þ, green; O of H2O, red; H, white.
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quantum mechanical description of proton transport is not

retained.

The second step of the RMD algorithm is the

instantaneous reaction. Once the complete set of triggers

has been satisfied by a given reactant, the RMD algorithm

coarse grains the reaction path and the proton gets

transferred instantaneously. The reaction involves exchan-

ging the identities of the reactants, where the H3O
þ that

previously contained the proton to be transferred is now

H2O and the H2O that received the proton is now a H3O
þ.

The reaction takes places with no time elapsed in the MD

simulation.

The third and final step of the RMD algorithm is the

local equilibration. When a reaction takes place, structure

and energy of the system are disturbed. The heat of

reaction is zero for structural diffusion of proton.

Therefore, the objective of the local equilibration is to

ensure that one has the correct ending configuration of the

product in Equation (1) and satisfy the target heat of

reaction. The re-establishment of reasonable hydrogen-

bonding network and energy of the system is achieved by

relaxing the hydrating water molecules of the reactants

with an objective function that has a weighted combination

of both energetic and structural terms. Once structural

diffusion is implemented by the RMD algorithm, the MD

simulation continues onto the next time step.

The algorithm includes several proven beneficial

effects as follows: (1) usage of computationally efficient

classical MD simulation, (2) reduction in the development

time required to parameterise the reactive algorithm,

relative to reactive potentials, due to the decrease in the

degrees of freedom and (3) extension of the methodology

from one environment (bulk water) to another environ-

ment (aqueous HCl system or fluids confined in CNTs).

The accurate determination of the density of fluids

under confinement is difficult since the inaccessible

volume due to tube–wall interaction and void fraction due

to the organised structure varies based on the choice of

radius. There are various methods of determining the

density of water [39]. One way is to immerse a nanotube

segment into a large water bath where the water molecules

are free to enter and exit the nanotube, so that one can

obtain the natural density [40]. Another way is to perform

simulations with fixed number of water molecules inside

the nanotube based on the density of water (typically

1 g/cm3) [36,41,42]. Here, we follow the latter and simpler

method where the number of molecules needed in the

system is fixed and the length of the CNT is determined

from the bulk water density and accessible volume.

The effective accessible radius is defined as the radius

beyond which no water molecules exist due to the wall

repulsion. The nanotubes are represented by a smooth

external potential instead of modelling the walls

atomistically with site-to-site interaction. Fluid–tube

interactions have been modelled with a LJ potential

integrated over the semi-infinite volume of the wall in

cylindrical coordinates, as derived by Peterson et al. [43].

The fluid particle at a radial position, r, from the tube axis

interacts with the tube wall of radius, R, using the

potential, Vft,

V ftðr;RÞ ¼ p1ftrt
7s12

ft

32
K9ðr;RÞ2 s6

ftK3ðr;RÞ

� �
; ð2Þ

where Km(r,R) is defined as

Kmðr;RÞ ¼ R2m

ðp
0

dQ 2h cosQþ ð1 2 h2sin2QÞ1=2
h i2m

;

ð3Þ

and h ¼ r/R. The Lorentz–Berthelot rule is applied to

obtain the values of LJ mixture well-depth and collision

diameter, 1ft and sft, from the pure component parameters.

The number density of interaction sites in the carbon wall,

rt, is equal to 0.114 Å23 [44]. The size and energy

parameters of carbon (graphite) are 3.4 Å and 28 K,

respectively [45].

Constant number of molecules, volume and tempera-

ture (NVT) simulations were performed for nanotubes of

radii ranging from 5.42 to 10.85 Å at 300K with an

experimental bulk water density [46] of 0.9965 g/cm3

within the accessible volume. We choose this temperature

and this range of radii as they are relevant to the aqueous

nanochannels present in PEMs [47]. The system contains

499 molecules of water along with one hydronium ion for

an infinite dilution. For better statistics, 144 independent

simulations were run at each state point with different

initial configurations. Table 1 summarises the system sizes

for each of the nanotubes studied. The radii studied

correspond to armchair (R,R) CNTs with indices R ¼ 8,

10, 12, 14 and 16. The TIP3P model [48] with flexible OH

bond [49] is used for water, while the hydronium ion is

represented using the same model with modified charges

on the O and H atoms [50]. Electrostatic interactions were

calculated using the reaction field method [51]. The cut-off

distance for non-bonded interactions is 10 Å. The equations

of motion are integrated using a two time-scale r-RESPA

[52] with a large time step of 2 fs and a small time step of

0.2 fs. Periodic boundary conditions are enforced only in

Table 1. Physical dimensions of the simulated CNTsa.

Tube radius (Å) Length of tube (Å) Radius accessible (Å)

5.42 364.29 3.62
6.78 200.46 4.88
8.14 124.59 6.19
9.49 82.87 7.59
10.85 60.81 8.86

aAll simulations have been performed at 300K and a density of
0.9965 g/cm3 with 500 molecules of H2O or 499 H2O molecules and
1 H3O

þ cation.
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the axial direction of the tube (z-axis) to yield an infinite

long channel. Constant temperature was maintained by

incorporating a Nosé–Hoover thermostat [53–55] with a

frequency of 0.01 fs21. The high frequency aids the

removal of excess heat that was not removed by the local

equilibration. Runs of 0.8 ns were initially performed to

equilibrate the systems. Then, the simulations were run for

additional 1 ns for data collection. The trigger values and

details of local equilibration involved in the RMD

algorithm are the same as that employed in bulk water.

Three systems were examined with the above

simulation parameters. Simulations of pure confined

water (500 molecules) were conducted to benchmark the

diffusivities of the TIP3P water model under confinement.

A reactive and non-reactive system consisting of water

and hydronium are the other two systems considered.

A reactive system allows for the structural diffusion and

was used to analyse the transport properties of the charge.

Non-reactive systems in which the RMD algorithmwas not

implemented (absence of structural diffusion) were studied

to compare the diffusion of the hydronium ion with the

vehicular component of the charge in the reactive system.

CNTs of lower radius such as 4.07 Å (R ¼ 6), where

water wires may theoretically exist, were not studied.

The parameterisation of this RMD algorithm is based on the

complex 3D hydrogen-bonding network. It is an interesting

possibility whether relaxations of the solvation triggers will

allow the RMD algorithm to be applied to more confined

systems, but that avenue is not pursued in this work, where

we strictly adhere to the bulk water RMD parameters.

3. Results and discussion

The effect of confinement within CNTs on some of the

physical and transport properties of the proton and water is

illustrated here in detail as a function of CNT radius.

The snapshots of a portion of the water and hydronium ion

confined in the five CNTs are shown in Figure 2. It is

immediately apparent from these snapshots that the

hydronium ion is preferentially located at the water–

CNT interface with the oxygen atom extended towards the

CNT. Both of these visual observations from the snapshots

will be discussed in a more quantitative nature below.

3.1 Radial density profile

The distribution profiles of water molecules in confined

geometries have been widely studied [56–58]. Figure 3(a)

represents the density profile of water in a non-reactive

system along the radial distance for different channel radii.

The density near the CNT wall decreases with the channel

radius. The number of peaks in the radial density profile

increases as the CNT radius increases, implying the

increase in water layers within the tube. At larger CNT

radii, the density near the centre of the tube approaches the

(a)

(b)

(c)

(d)

(e)

Figure 2. Snapshot of a portion of the CNTs studied whose radii
are (a) 5.42 Å, (b) 6.78 Å, (c) 8.14 Å, (d) 9.49 Å and (e) 10.85 Å.
O of H3O

þ, green; O of H2O, red; H, white.
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(a)

(b)

Figure 3. Radial density profile of (a) water and (b) hydronium
confined in CNTs with different radii in the non-reactive system.
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bulk water density, which indicates that as the channel

radius increases we find bulk water behaviour towards the

centre of the tube where the fluid–tube interaction is weak.

In other works, where the CNTs are modelled atomisti-

cally both ordered structures (helical [59] or n-gonal rings

[60], where n is based on the radius) and organised layers

were observed depending on the geometry of the CNT,

pressure, temperature, water model and many other

simulation parameters.

Figure 3(b) shows the radial density profile of the

hydronium ion in a non-reactive system for different CNT

radii. Unlike water, the density near the wall increases as

the channel radius increases. From both figures, we can

observe that the position of the first peak of the hydronium

ion is always closer to the wall than the first peak of water.

The very high first peak also shows that the hydronium ion

is preferentially located next to the walls. The probability

distribution of the orientation of the hydronium ion in the

outer and inner layers of the CNT of radius 10.85 Å in the

non-reactive system is presented in Figure 4. The outer

layer is defined 2 Å from the accessible radius.

The orientation of the hydronium axis (originating at the

midpoint of the three hydrogen atoms and terminating at

the position of oxygen atom) is measured with respect to

the radial axis. An angle of 08 corresponds to the oxygen

atom pointing towards the tube wall. The distribution of

orientation in the outer layer shows a strong preference for

the ion to be oriented with the oxygen atom, protruding

towards the wall with the hydrogen atoms forming

hydrogen bonds with the water molecules in the CNT.

However, at the inner layers, no such strong preference for

a particular orientation is observed. Similar affinity for the

interface and preferential orientation of the hydronium ion

has been observed at the interface between a liquid and

hydrophobic media or vapour both from simulation

[61–64] and experiments [65–67]. The reason behind

this phenomenon has been attributed to the energetically

favourable formation of hydrogen bonds by the hydronium

ion with three water molecules without strongly perturbing

the hydrogen-bonding network in the aqueous phase.

3.2 Reaction rate constant

The hopping of the proton can be quantitatively described

either in terms of lifetime of the proton or hopping rate.

Here, we denote it by reaction rate constant since the

structural diffusion is considered as a reaction. The rate

constant, k, is calculated using the expression:

k ¼
Nreact

time·V tube

£
1

½H2O�½H3Oþ�
; ð4Þ

where Vtube is the accessible nanotube volume excluding

the void space near the wall, Nreact is the number of

reactions taken place, ‘time’ is the length of the simulation

and the square brackets represent the concentration.

The concentrations and Vtube are the same for all the CNTs

considered, since they all have the same density.

The definition of reaction needs to be clearly explained

in this aspect. The rattling of proton between the reactants

is observed in our simulation but they are not taken into

account for the calculation of rate constant. At the end of

rattling, the proton might end up either in the parent water

molecule (starting molecule of rattle) or a different water

molecule. In either case, we consider a reaction has

occurred at the end of rattling. The above definition of

reaction is chosen to be consistent with the definition of

reaction for proton transport in bulk water [14] whose

trigger values are being used. Analysis of the reaction rates

of different CNTs shown in Figure 5 indicates that there is

an upward trend with the tube radius. The reaction rate has

increased by roughly an order of magnitude from the

smallest to the largest tube. For comparison, the reaction

cos q
–1.0 –0.5 0.0 0.5 1.0

P
ro

ba
bi

lit
y

0.0

0.1

0.2

0.3

0.4

0.5

0.6
Inner layer

Outer layer

Figure 4. Probability distribution of the orientation of the
hydronium ion with respect to the radial axis in the outer
(dotted line) and inner layers (solid line) of the CNT with radius
10.85 Å. Measurement of cos u ¼ 1 corresponds to the oxygen
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rate constant for structural diffusion of proton in bulk

water from the experiment [68] is 1.072 £ 1010 l/mol/s.

The reaction rate constant for structural diffusion of

proton in bulk water from the RMD algorithm is

1.090 £ 1010 l/mol/s [14]. Both bulk reaction rates are

about an order of magnitude higher than the rate constants

found even in the largest CNT studied here.

The reduction in the rate constant can be directly

related to the decrease in the probability of the occurrence

of reaction. In the RMD algorithm, the event of the reaction

is based on the satisfaction of triggers. The fraction

satisfying each trigger is presented in Figure 6. The order

of the trigger analysed in the plot is based on the hierarchy

on which it was verified during the simulation.

The particular hierarchy was chosen for computational

efficiency and the satisfaction of a particular trigger was

tested onlywhen the previous trigger was satisfied. Figure 6

contains only six triggers listed, since each fraction was

calculated based on the satisfaction of the earlier trigger.

Therefore, the first trigger, rOO,Zundel, provided the basis for

the calculation of the fraction satisfying the second trigger.

Though the preferential location and orientation of the

hydronium ions at the wall affect the satisfaction of the

geometric trigger, the energetic trigger is identified as

the one most affected by confinement and causes a

reduction in the structural diffusivity.

Another interesting way to analyse the effect of

confinement on the reaction rate constant is to study the

reactivity profile along the radial distance. For this

purpose, we have chosen the CNT with radius 10.85 Å

where the maximum number of reactions takes place.

The CNT is divided into cylindrical shells and the number

of reactions in each shell is based on the position of the

reacting hydronium. The rattling of protons is included

in the rate calculation. The reaction rate is provided

in Figure 7 as a function of the radial distance along

with the hydronium concentration. The hydronium ion

concentration near the wall is nearly 10 times higher than

that in the inner layers of the CNT. Typically, one

considers a reaction rate constant, as shown in

Equation (4), to be independent of concentration. If this

was the case, then we would expect the rate to increase by

nearly a factor of 10 near the wall. Since we do not see this,

we can conclude that the reaction rate constant is not

independent of the local concentration and, in fact,

decreases with increasing hydronium concentration. This

same decrease in rate constant with increasing hydronium

ion concentration is also observed in the aqueous HCl

system [14], although to a lesser extent.

3.3 Water diffusivity

The diffusion coefficient of bulk water can be calculated

using the Einstein expression, which relates the diffusivity

to the mean square displacement (MSD) of a molecule as

D ¼ lim
t!1

k½rðt þ tÞ2 rðtÞ�2l
2dt

; ð5Þ

where d is the dimensionality of the system and t is the

observation time. In the CNT, we apply this expression to

evaluate the diffusion coefficient in only the axial dimension.
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Figure 6. Histogram of the fraction satisfying the geometric and energetic triggers in the various CNTs studied. Each fraction is
calculated based on the satisfaction of the previous trigger. Data from bulk water are also included to observe the effect of confinement on
trigger satisfaction.
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Since the movement of the molecules is restricted by

confinement in the other two directions (radial axis), the

trajectories would not reach the long-time limit required by

the Einstein relation in the radial dimension. In a confined

geometry, the diffusion of water can be described by three

mechanisms: [69] Fickian (MSD / t), single file

(MSD / t 1/2) and ballistic (MSD / t 2). Single file motion

will be observed only if the pore is so small that water

molecules cannot pass each other within the tube [70]. This is

not the case in any of these simulations. Striolo [69] observed

the molecules in the CNT (8,8) to initially follow a ballistic

transport but in the long run evolve into Fickian diffusion.

Therefore, in the CNTs considered, we expect the Fickian

diffusion in the long-time limit.

We have calculated the water diffusivity in the axial

direction in all the three systems considered. Axial

diffusivity measurement in pure confined water and

non-reactive systems can be done without ambiguity,

while the reactive system which involves the change in the

identity of the molecules needs attention. Therefore,

instead of calculating the diffusivity through the entire

simulation time involving reactions, we calculated the

water diffusivities in the reactive system for time segments

in which they did not react. Figure 8 shows the axial water

diffusivity in the various systems against CNT radius

along with the bulk water density at 300K. The reason we

compare the diffusivities of three systems is to show that

the presence of the hydronium ion and the implementation

of the RMD algorithm do not affect the water diffusivity.

The diffusivities of all the three systems are almost the

same. They initially increase with the channel radius but

later stabilise. At larger radii, we find the water diffusivity

to be slightly higher than the bulk water diffusivity. This

might be explained due to the fact that the choice of

accessible volume impacts the fluid density, which can

have considerable influence on the diffusion coefficient.

For example, when the CNT of radius 10.85 Å has its

density changed from 0.9965 to 1.15 g/cm3, it causes a

22% reduction in the water diffusivity.

Liu et al. [59] measured the diffusivity of water in an

atomistically modelled armchair (R,R) CNT with indices

R ¼ 8, 10, 12, 14, 16 and found a steady increase in the

water axial diffusivity with the increase in radius and

found values below that of their bulk water diffusivity.

With the increase in confinement of channels (from 5 to

2 Å), Brewer et al. [36] observed a similar trend of

decrease in the water diffusivity, which was also less than

the bulk phase.

3.4 Charge diffusivity

The transport properties of the charge and its components

were measured using the Einstein relation. In the

non-reactive system, the diffusivity of the charge is

equal to the vehicular diffusion of the hydronium ion.

In the RMD simulation, the excess charge hops from one

water molecule to another, temporarily creating hydro-

nium ions from each molecule. The hydronium ion

trajectories can be unambiguously followed using the

centre-of-mass position of the ion. Decoupling the total

charge movement into the two components can be easily

done by enforcing the following relationship:

D~rtot ¼ D~rveh þ D~rstruct: ð6Þ

By the implementation of the above constraint in each

step, the total displacement vector is equal to the sum of

the displacement vectors attributed by both the vehicular

and structural components. Similar decomposition of the

total charge displacement vector has been performed

earlier [71]. The vehicular component is continuously

measured whether a reaction takes place or not. During the

absence of reaction, the displacement due to structural
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Figure 7. Rate, r, profile (solid line) along the radial distance of
CNT of radius 10.85 Å. The radial hydronium concentration
profile (dashed line) is provided to analyse the effect of the
concentration on rate under confinement.
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diffusion is zero and the vehicular component is the sole

contributor to the total charge diffusion. When a reaction

takes place, the displacement due to the Newtonian motion

(MD step) is categorised as the vehicular contribution,

while the displacement of the reactant hydronium from the

location before reaction (position at the end of MD step) to

the final position of the product hydronium after local

equilibration is considered as the structural displacement.

The relationship between the vehicular, Dveh, structural,

Dstruct, and total charge diffusion, Dtot, can be obtained

by substituting Equation (6) in Einstein’s relation

(Equation (5)) as follows:

Dtot ¼ lim
t!1

D~r
2
veh

D E
þ D~r

2
struct

D E
þ 2kD~rvehD~rstructl

2dt
: ð7Þ

By making an arbitrary but reasonable definition of

decomposition, we get:

Dveh ; lim
t!1

D~r
2
veh

D E
2dt

; ð7aÞ

Dstruct ; lim
t!1

kD~r2
structl

2dt
; ð7bÞ

Dcorr ; lim
t!1

2kD~rvehD~rstructl
2dt

; ð7cÞ

whereDcorr is the correlation term that denotes the coupling

between the structural and vehicular contributions.

If Dcorr ¼ 0, then both the components of the total charge

diffusion are uncorrelated. Analogous to the estimation of

water diffusion coefficients, we have reported only the

diffusivities of the charge in the axial direction.

The total charge diffusivity and the individual

contributions of the two diffusion mechanisms in the

axial direction for the various CNTs considered are shown

in Figure 9, alongwith the vehicular diffusion of hydronium

in the non-reactive system. The uncertainties are rep-

resented as the standard error [72]. The total diffusion and

vehicular component follow the same trend where an initial

increase in the radius of CNT caused a steep increase in the

axial diffusivities and further reduction in the confinement

(radius . 8.14 Å) did not affect them tremendously. On the

other hand, the structural component showed a steady

increase with the reduction of confinement.

The implementation of the RMD algorithm should not

affect the fluid vehicular diffusivities. Similar to the case

of measurement of water diffusivity, the vehicular

diffusion of the hydronium ion in a non-reactive system

is compared to the vehicular component of charge

diffusion in a reactive system and is found to be in

agreement within the standard errors.

A better way to understand the effect of confinement

on the charge diffusion would be to compare these

diffusivity values to that of bulk water from our previous

work. The total, structural and vehicular diffusivities of

proton in bulk water at 300 K are 7.33 £ 1025,

4.29 £ 1025 and 2.83 £ 1025 cm2/s based on our algo-

rithm [14]. When we compare these values to the CNT

with the largest radius, we find that the vehicular

diffusivities are virtually the same while the structural

component is only 12% of the value observed in bulk

water. This can be explained by the obvious reduction in

the rate constant. So, in overall, there is 58% reduction in

the total charge diffusion at our largest CNT due to

confinement.

We found the two components of charge diffusivity

in bulk water to be uncorrelated and structural diffusion

contributing to about 60% of the charge diffusion.

The vehicular component is the major contributor of the

charge diffusion in CNTs for the range of radius we

investigated, and both the components are uncorrelated.

We can also conclude that the confinement affects the

structural diffusionmuchmore than the vehicular diffusion.

Proton transport in confined water has been

previously studied. The mobility of proton was much higher

[34,37] in 1D water wires in armchair (6,6) CNTs

(radius ¼ 4.07 Å) than observed in bulk water. However,

in cylindrical channels with 3D water structure, the proton

diffusivity was computed to be much lower than that

observed in bulk water but increased with channel diameter

[36]. The centre of excess charge diffusion coefficient in a

cylindrical channel of carbon with radius and length of 5 and

29.8 Å, respectively, containing 77 water molecules was

about 2.5 £ 1025 cm2/s [36] compared to the computed

value of 4.5 ^ 1.1 £ 1025 cm2/s in bulk water using the

MS-EVBmodel. The charge diffusivity at our smallest CNT

of radius 5.42 Å is 1.30 £ 1025 cm2/s compared to the value

of 7.33 £ 1025 cm2/s in bulk water. Therefore, we observe
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Figure 9. The axial total charge diffusivity (solid circles) and its
two components (i) vehicular (solid triangles) and (ii) structural
component (solid squares) for the various CNTs studied in a
reactive system. The dashed line represents the vehicular
diffusion of H3O

þ in the non-reactive system.
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the same qualitative trend with the RMD algorithm as is

observed with the MS-EVB model.

4. Conclusions

Proton mobility through water confined in CNTs of radii

ranging from 5.42 to 10.85 Å at 300K and infinite dilution

has been investigated by means of classical MD

simulations with the structural diffusion modelled with

an RMD algorithm. The algorithm, parameterised for a

bulk water system, was directly implemented to the CNT

systems without any modifications. The algorithm has

successfully captured the essential features of the

structural diffusion under confinement, confirming its

facile adaptability to different environments.

The radial density profiles of both water and

hydronium ions were computed. The radial water profile

showed layered structures in the confined geometries with

higher density near the walls and an increase in the number

of layers with increasing radius. Hydronium ions showed a

great affinity towards the wall and were preferentially

oriented with the oxygen atom facing the wall. The

reaction rate constant for the proton transfer process

increased with the decrease in confinement due to

requirement imposed by the energetic trigger. The axial

water diffusivity was not affected by the presence of

protons in dilute concentrations or by the implementation

of the RMD algorithm. The diffusion coefficients initially

increased with the increase in the radius of the CNT but

approached a plateau at the larger tube sizes. The axial

vehicular diffusion of hydronium ions showed analogous

behaviour. The axial structural component of charge

diffusion showed a steady increase with increasing

diameter of the CNT. The two components were

determined to be uncorrelated with the axial total charge

diffusivity, essentially being the sum of the two

components. We observed that the vehicular component

of the charge diffusivity was the same as that in bulk water

in the largest diameter CNT. However, the structural

component of charge diffusivity was only 12% of the value

observed in bulk water. Clearly, confinement impacts

structural diffusion at larger tube sizes and in a more

significant manner than vehicular diffusion.

This work impacts the design of novel PEMs because it

indicates that a severe reduction in the structural component

of the charge diffusivity occurs as a consequence of

confinement. The coupled effects of confinement and high

acidity, as present in PEMs, remain of interest.

Acknowledgements

This work is funded by the US Department of Energy (DOE) BES
under contract number DE-FG02-05ER15723. This research
used resources of the Center for Computational Sciences at
Oak Ridge National Laboratory (ORNL) supported by the Office
of Science of the DOE (contract number DE-AC05-00OR22725)

and National Institute for Computational Sciences (NICS)
supported by the National Science Foundation (agreement
number OCI 07-11134).

References

[1] K.D. Kreuer, On the development of proton conducting polymer
membranes for hydrogen and methanol fuel cells, J. Membr. Sci. 185
(2001), pp. 29–39.

[2] K.D. Kreuer, M. Schuster, B. Obliers, O. Diat, U. Traub, A. Fuchs,
U. Klock, S.J. Paddison, and J. Maier, Short-side-chain proton
conducting perfluorosulfonic acid ionomers: Why they perform
better in PEM fuel cells, J. Power Sources 178 (2008), pp. 499–509.

[3] N. Agmon, The Grotthuss mechanism, Chem. Phys. Lett. 244
(1995), pp. 456–462.

[4] M. Tuckerman, K. Laasonen, M. Sprik, and M. Parrinello, Ab inito
molecular dynamics simulation of the solvation and transport of
hydronium and hydroxyl ions in water, J. Chem. Phys. 103 (1995),
pp. 150–161.

[5] D. Marx, M.E. Tuckerman, J. Hutter, and M. Parrinello, The nature of
the hydrated excess proton in water, Nature 397 (1999), pp. 601–604.

[6] R.A. Robison and R.H. Stokes, Electrolyte Solutions, Butterworths,
London, 1959.

[7] G. Zundel and H. Metzger, Energy bands of excess tunneling
protons in fluid acids. IR spectroscopy of H5O2

þ groups, Z. Phys.
Chem. 58 (1968), pp. 225–245.

[8] E. Wicke, M. Eigen, and T. Ackermann, Über den zustand des
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