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ABSTRACT

We describe a methodology for the continuous pumping of fluid, in this case decane, through carbon nanotubes. Fluid is imbibed from a
reservoir at 300 K, heated, and subsequently ejected from the hot end. Very high pressures are developed in the smaller nanotubes due to
strong capillary forces, suggesting their use as dynamic nanoscale reaction vessels. A theoretic framework is developed allowing us to
predict pumping fluxes over a range of nanotube diameters and temperatures.

Since their identification in 19941¢carbon nanotubes (CNTs) of a combination of charges adjacent to the nanopbres.
have drawn much attention, not only for their exceptional Here, using molecular dynamics (MD) and theoretical
mechanical and electrical properties, but also in the everanalysis, we describe a system whereby fluid, in this case
expanding area of nanofluidiésTheoretical and empirical ~ decane, is imbibed from a reservoir at one end of the
evidence suggest that water can enter extremely small (subnanotube, heated, and subsequently effuses in a jet from the
2-nanometer) CNT3%?while theoretical studies in our group  other end. The mechanism is related to the balance of
have predicted ultrafast imbibition of hydrocarbons in to pressures between a strongly imbibing fluid at room tem-
these essentially frictionless pipeBossible applications are  perature and that of a dense hot supercritical fluid. We
numerous, including the use of nanotubes as moleculardevelop a simple kinetic theory analysis for the system that
sensors, nanopipettes, fluid filtration devices, and targetedallows us to estimate the free energy barrier to effusion and
drug delivery device%.® Because of their exceptional predict pumping fluxes over a range of temperatures and
mechanical and thermal stabilitypanotubes are also ideal nanotube diameters.

candidates as cavities for chemical reactions at high tem- o, starting simulation cell comprises a [22,0] nanotube
peratures and pressures, or where confin_ement itself may(1.72 nm diameter) 13.5 nm in length, aligned along the
open new reaction pathwaysHere we consider a method- 7 axis and immersed at one end in an essentially infinite slab
ology for fluid ejection, or continuous pumping of fluid 4 gecane with imposed periodic boundary conditions in the
through CNTSs into a low-density medium. Because of their y anqy directions. A short-range repulsive wall stops decane
small dimensions and the nature of the intermolecular forcesfrom wetting the outer surface of the nanotube (Figure 1).

prese_n't, pressures develop insjde CNTs that are greatlyrhe carbon potential was the reactive empirical bond order
magnified compared to those in analogous macro scalepsiential of Brennet while decane-decane and decane

systems, suggesting their use not only as nanoprinting devices.aon interactions were identical to those used in previous
but also as dynamic nanoscale reaction vessels. paper$ We would stress at this point that, while the decane
A s_mall _number_ of pumping methodologies h_ave been potential model has been fitted to experimental data up to
examined in the literature. Kral suggested setting up an 650 K15 here we explore much higher temperature ranges,
electric current in the nanotube via laser excitation resulting ; yaeq temperatures and pressures at which thermal decom-

:n a net forC(Ie on ions atl)sortl)eddln the. nan(;)t{}bwhne position will occur® The results here are intended to reflect
hsepov et al., using molecular dynamics, demonstrate aqualitative behavior and should be seen as “proof of

method 'for activa.ting axial gas flow inside a CNT by setting principle”, but we also note that while we do not explicitly
up Raleigh traveling waves on the nanotube surfaséery account for decomposition reactions, reactions will occur at

:ﬁgﬁggz fjsi(r)engtis;[wzll 'ﬂl:)flve?nﬂglﬁguﬁreg);p:r;n;%setoogrizgﬁ;an these temperatures and pressures that are of interest in their
P P 9 own right and add weight to the idea that these devices can
* Author to whom correspondence should be addressed. be considered nanoscale reaction vessels. While we have
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field that acted only on the nanotube carbon atoms at the
RBM frequency of the particular nanotube. The amplitude
of the force field was used to control the strength of the
RBM and hence the level of heat introduced into the system
via direct collision of the nanotube walls with the adsorbed
fluid. The system is shown in Figure 1 with snapshots at
intervals from the initialization of the heat source.

Although it seems intuitive that the RBM method might
act on the decane in a semimechanical way, essentially

' squeezing fluid along the nanotube much like in ref 12,
“ n n ' actually the pumping dynamics of the system were defined
‘ g ot entirely by the temperature of the fluid at the hot end of the

nanotube, irrespective of the manner of heating. Further
- S ) -~ analysis of the trajectories revealed that even when the RBM
initialization of the heat source. A short-range repulsive wall (white) . -
stops the fluid wetting the outside of the nanotube. Periodic raised the tgmpergture of the fIU|d.by 1000 K or more, the
boundary conditions are imposed in the directions perpendicular 2verage variation in nanotube radius due to the RBM was
to the nanotube axis. only of the order of 0.1%, which is-12 orders of magnitude

smaller than those in ref 12. Fluid temperature and density
found it convenient to choose decane as the fluid, as we haveprofiles along the nanotube axis (extending into the reservoir)
much experience with the nanotubdecane system, we are shown in Figure 2. The spatially restricted Berendsen
expect similar behavior with any fluid for which the thermostat acts to maintain the reservoir at 300 K, while
nanotube-fluid surface tension suggests strong capillary inside the nanotube most of the heating of the imbibing fluid
imbibition. (transferred directly from the nanotube walls) occurs in the

Fluid is allowed to imbibe into the nanotube following first third of the nanotube. The temperature and density of

the dynamics elucidated previousf~® Two methods are  the fluid is fairly constant throughout the remaining two-
explored for introducing heat into the system: stimulation thirds of the nanotube (dotted lines represent the two ends
of the radial breathing mode (RBM) of the CNT and of the nanotube). The horizontal lines show the average axial
thermostating the nanotube wall atoms to a particular temperature of the nanotube walls (whereby we consider
temperature using a Berend&emhermostat. The decane contributions to the temperature from axial degrees of
reservoir was maintained at a constant 300 K by an additionalfreedom only) to achieve this particular fluid temperature
spatially restricted Berendsen thermostat. The RBM of CNTs for both methods of heating. The lower (blue) line represents
is a Raman active mode that corresponds to the radiallythe RBM stimulation method, while the upper (red) line is
symmetrical “breathing-like” vibration of the carbon atoms. the thermostat method. Note that for the RBM method, the
It is used extensively to characterize size distributions of fluid in the nanotube is hotter than the axial temperature of
nanotube samples, both in aqueous and nonaqueous envirorthe nanotube walls, whereas for the thermostat method it is
ments, due to its inverse diameter proportionality. The RBM cooler. This is a consequence of the incomplete equipartition
was simulated in the MD by adding an oscillating radial force of energy; the external field introduces kinetic energy to the

Ops 9ps 15ps I'4

Figure 1. Snapshot of the simulation cell at intervals after the
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Figure 2. Fluid temperature (empty circles) and density (filled circles) profile along nanotube axis; nanotube ends are represented by
dotted vertical lines. The horizontal lines represent the average axial temperature of the nanotube to achieve this fluid temperature under
RBM stimulated heating (blue) and thermostat heating (red).
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Figure 3. (a) Pumping flux as a function of tube-end fluid temperature. Points represent MD results for (blue circles) RBM stimulated
heating and (red squares) thermostated heating. Lines represent analytical solutions for a van der Waal (vdW) fluid with no barrier to
effusion (blue dashed), a vdW fluid with fitted free energy barrier to effusion (purple continuous), and an ideal gas (green dot dash). (b)
The axial number density as a function of tube-end fluid temperature for RBM stimulated heating (blue circles) and thermostat heating (red
squares). The data can be easily fitted to a vdW fluid with one temperature-dependent paaééberple line). The number density due

to an ideal gas is shown for comparison (green dot dash).

radial modes of the nanotube of which a proportion is lost hot end of the nanotube, the number of collisions per unit
directly to the adsorbed fluid resulting in a lower temperature time with the end of the nanotube according to kinetic theory
of the axial modes compared to the radial ones. is

The pumping flux, defined as the number of molecules
expelled from the nanotube per second, was monitored for oA f°° vf(v,) dv 1)
the two methodologies over a range of tube-end fluid o f ‘
temperatures. The results can be seen in Figure 3a; the ) ) o )
circular (blue) points represent the RBM stimulated method, Where p is the tube-end fluid densityl is the accessible
and the square (red) points represent the thermostat metho&ro_ss-se(_:nonal area of the nanotube (_deflned as the nanotube
(errors bars are of the order of 20 GHz). There is no ra@us mlnus.the Lennard—\]opes radlgs o.f a garbon atom),
statistically important difference between the two methods ¢z 1S the velocity of molecules in the axial direction afiic)
of heating. This is further confirmed in Figure 3b, which IS the Maxwel-Boltzmann velocity distribution in one
plots the number density at the end of the nanotube as adimension. If we impose a potential barriés at the end of
function of tube-end fluid temperature. The pumping flux is the nanotube, then only molecules with axial velocities
a function of the tube-end fluid temperature and the tube- 9reater than
end number density, which in itself, is a function of the tube-

end fluid temperature. Using kinetic theory as our starting |2V
point, we develop a simple analytical framework for the Umin= A/ "y )
system.

We consider nanotubes to be one-dimensional systemswill escape the nanotube wheneis the mass of the fluid
and consider only the axialdirection. Turning first to the molecules. The total number of collisions per unit time
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Figure 4. Pumping flux as a function of temperature and nanotube radius. Imbibing forces for the [7,7], [22,0], [22,22], and [30,30]
nanotube are taken from our previous pajger.

resulting in a molecule being expelled from the nanotube where we again define as the accessible nanotube radius
is and Ay as the difference between the nanotubeid
and the nanotubevacuum/vapor surface tensions. Full
/ details can be found in our previous papers on the dy-
expelled m \12 ,w —u i . . .
e Lmin e du (3) namics of imbibition into carbon nanotub¥sThe pressure
in the fluid at the cold end of the nanotube is therefore given

N

b
where y
2Ay(r)
. I’T'IUZ2 _ VB Peold = r (7)
u= kT’ Unin = KT (4)

Values forAy for different sized nanotubes are estimated
k is the Boltzmann constant] is the tube-end fluid inref 17. As a simple approximation to an equation of state
temperature, angd, is the one-dimensional number density (EOS) for the decane, we assume a simple van der Waals
along the nanotube axis. This is easily solved and results inform for the EOS
a pumping flux of
NKT 2
= 8
Nexpelled_ £ 1/2e7VB/kT (5) Phot V—Nb ¥ ( )
wherek is the Boltzmann constang,is the densityV is the
The one-dimensional number density is also a function of Yolume of the fluid,T is the temperature of the fluidy is
tube-end fluid temperature and can be approximated in theth® number of molecules, is the correction to the volume
following way. Once the system has reached a steady state{€'™. anda is the correction due to the attractive presence
the pressure (upward) due to the imbibing fluid at the cold ©f the fluid. Following the standard approadfis related to
end of the nanotube must balance exactly the thermodynamidhe critical temperature and pressure of de€ane
pressure (downward) at the hot end of the nanotube. The

imbibing forces on the fluid at the reservoir end are related b= RTc 9
to the nanotubefluid surface tensions and are given by - 8P, ©)
Fo = 2Ay(r)ar (6)  whereasais a temperature-dependent term that can be fitted
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to reproduce the simulation data (Figure 3b). Expanding eq temperatures, the density of the gas and hence the pumping
8 in powers ofp and equating it with eq 7 allows us to solve flux is low. As we further increase nanotube radius, the phase
for the number density at a particular pressure and for atransition moves to lower temperatures, tending toward the
particular nanotube radius. The analytical results for the atmospheric pressure value of 447 K. Increasing nanotube
pumping flux are shown in Figure 3a as lines. The long radii yet further, we see reduced imbibing pressures and free-
dashed (blue) line represents the analytical pumping flux for energy barriers; much of the interesting behavior disappears
the [22,0] nanotube assuming no barrier potential at the endand we simply have directed evaporation with an ever
of the nanotube, while the continuous purple line is with increasing nozzle size.

the addition of a barrie¥s, chosen so as to best match the Although, as we have mentioned, these results should be
simulation data. The height of this barrier can be interpreted treated as qualitative due to our use of potentials beyond
as the free energy barrier to molecular effusion, and in the their “testing ground”, the ideas presented are simple and
case of the [22,0] nanotube is of the order of 3 kJ Thol intuitive, and the proof of principle for possible applications
This is surprisingly low when compared with the average is clear. Where capillary forces act to draw molecules into
adsorption energy of a decane molecule in the nanotube,nanopores, heating and effusion will act to expel them. In
which is about 60 kJ mot, and results from the fact that  fact, similar principles have formed the basis of ink-jet
the escape process for a molecule is rather more complicatedechnology since the 1970s. What is extraordinary at the
than the simple model would suggest. Molecules do not nanoscale, however, is the magnitude of the pressures that
simply effuse out of the end in a singular event but rather puild up inside these miniature vessels, opening up the
follow a series of processes that act to lower the energy possibility not only of nanoscale printing, but also of
barrier. These processes involve clustering of decane mol-continuous jet nanoscale reactors. The desire to process
ecules, molecules “dragging” other molecules out, and minute quantities of fluids along with the interest in high
increased mechanical pressures due to the flexing H-throughput systems is increasing rapidly; a system, such as
terminated nanotube ends. While these processes are interesthe one described in this letter, might serve as a valuable
ing in their own right, for the present study we may consider addition to the ever extending lab-on-a-chip toolbox.

the effusion event, described by eq 3, as the trigger for a

series of processes leading, on average, to a moleculeReferences
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