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ABSTRACT: We have performed molecular dynamics simulations and developed a scaling model of a
nanopropulsion engine. The engine consists of a nozzlelike pore with catalytic sites located at the closed end of
the nozzle. The nozzle is immersed in a solution of monomers that serves as a “fuel” for the polymerization
reaction. The engine can be thought of as an analogue of the jet propulsion engine that secretes polymers in a
solution and utilizes polymer viscoelasticity for its motion. Using scaling analysis, we have established that the
nozzle velocity is proportional to the chain’s polymerization rate with the proportionality coefficient being
determined by the nozzle geometry, the nozzle friction coefficient, and the dynamics of the polymer chains inside
the nozzle. The results of the molecular dynamics simulations are in remarkable agreement with the predictions
of the scaling model.

Molecular motors are machines that convert chemical energy an osmotic force acting on the nozzle cap pushing the nozzle
to mechanical energy and forée® Molecular motors in nature  forward. However, only a fraction of the free energy stored
are used to transport biochemicals and provide motility to the during the chain’s polymerization is used for the propulsive
cells. For example, the kinesin protein moves along microtubules motion while the rest is dissipated as friction when the
carrying chemical payloads by converting the energy releasedpolymeric liquid moves through the nozzle and the nozzle moves
upon ATP hydrolysis into mechanical wotkA flagellar through the solvent. The energy partitioning depends on the
biological motor provides motility to bacteria through a chain polymerization rate, solution viscosity, and nozzle ge-
whiplike rotary motioni®* Many intracellular pathogens such  ometry. Indeed, our simulations and scaling analysis of the
asListeria propel themselves by assembling the host cell actin nozz1e motion show that the nozzle velocity is proportional to
into a cometlike tail of cross-linked filamenitd21° Another e net polymerization rate with a proportionality coefficient

fascinating example of molecular machinery is the gliding of being determined by the geometric characteristics of the
cyanobacteria and myxobacteria on surfaces, which is ac-5nonozzle.

companied by a steady secretion of gel (slime) from L . .
nozzlelike pore§7:14 These complex machines serve as an 10 test the design idea of the nanopropulsion engine, we
inspiration for design of artificial devices capable of transporting Performed coarse-grained molecular dynamics simulations of

“cargo” in chip size laboratories for future nanotechnological & Nozzle with growing inside polymer chains immersed in a
applicationg115-22 solution of monomers. These simulations correspond to the

Zimm dynamics of the nanonozz&.25 In our simulations, a
nanonozzle was modeled by an end-capped tube (see Figure
2). The cylindrical surface of the tube was formed by wrapping

In this paper we study a simple model of a polymeric
nanopropulsion engine, which generates a self-propelling motion

via polymerization within a nozzlelike pore. We consider a h I ked sh - h
cylindrical pore with one end of the pore being closed by a hexagonally packed sheet consistingok L monomers, where

circular cap, as shown in Figure 1. A circular cap contains Cis the numt_)er of monomers forming the circumference .of
catalytic sites that facilitate polymerization of macromolecules the tube and. is the number of monomers along the tube axis.
inside a nanonozzle. The nozzle is immersed in a solution of ONe end of the tube was closed by flat circular cap v@ith
monomers that serves as a “fuel” for the polymerization reaction. Monomers in its circumference. Each monomer on the tube
The physica| princip|e for the Operation of this engine is very surface was connected to its six neighbors by elastic bonds
Simp|e and is based on the viscoelastic nature of po]ymeric which elastiCity is described by the finite extension nonlinear
liquids 23-26 Addition of new monomers to a polymer chain elastic (FENE) potential
induces a local stress in the polymeric liquid confined
inside the nozzle. The response of a polymeric liquid to an ) r2
external perturbation strongly depends on a rate with which Urenelr) = —0.5KRax In(l B 2) 1)
this perturbation is applied. In our case this external perturbation ax
is the addition of a new monomer (taken from outside the
nozzle) to a polymer chain, growing inside the nozzle. If WhereKs is the spring constanks,use = 30ksT/o? (ks is the
addition of a monomer to a polymer chain occurs faster than Boltzmann constant is the absolute temperature, ants the
the relaxation time of chain sections confined inside the bead diameter), is the distance between the center of mass of
nozzle, it results in the chain’s compression, which generatestwo neighboring beads, and the maximum bond length is
Rmax = 1.50. The growing polymer chains were modeled by
* Corresponding author. E-mail: avd@ims.uconn.edu. b‘;"aOFSPr'r.'g chains with the spring ponStaNE,pmyme_r— 30ksT/
t University of Connecticut. o“. In addition to the FENE potential, all beads in the system
*Vanderbilt University. including solvent molecules interact through the truncated-
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Figure 1. Snapshot of the nozzle in solution. Monomers forming nozzle surface are shown in green, polymerization centers are colored in blue,
growing polymer chains are shown in red, and surrounding nozzle solvent molecules are shown in light gray. Note that the most of the solvent
molecules located in front of the nozzle in the simulation box are removed to make a clear view of the nozzle.

shifted Lennard-Jones (LJ) potential with the cutoff distance, At. After a polymer chain achieved a degree of polymerization

ret = V20, and the interaction parametan = kgT. N, = 100, its lengthN, was kept constant for the rest of the
simulation run by removing a bond connecting a monomer at

o\2 (o6 o \12 AN the terminal end as new monomer was added to the chain. This
| Pl ol R el A et I LA i i
U () = ry ry leu Moy prevented depletion of the number of monomers during the
0,r>ry, simulation run. Note that the presence of the explicit monomers
(2) in a system at given concentration and the size of the capture

) . . radius determine the rate at which new monomers were added
This choice of parameters corresponds to a purely repulsive LJto growing polymer chains. In our simulations the capture radius

potential. _ _ N ~ was equal to 1.25 1.5, and 1.75. Figure 2 shows the
The simulations were performed with explicit solvent with  evolution of the chain growth during the simulation run.
concentratiort = 0.102 (see Figure 2). In our simulations we It is important to point out that the simulations of the

used per'lodlc boundary conqnlons Wlth simulation box gize nanopropulsion engine presented in this paper correspond to
= 600. Simulations were carried out in a constant temperature the zimm (nondraining) dynamié& 25 of the moving nozzle
ensemble. Constant temperature was malntalne_d by couplinggng growing polymer chains. This is achieved by implementing
the system to a Nose-Hoover thermostat, which preservesihe Nose-Hoover thermostat to maintain the system temperature.
hydrodynamic mode?. In this case, the equation of motion for | this respect these simulations are different from the ones
theith bead is presented in our previous pagein which we have studied the

47 Rouse (free draining) dynami®s2® of the nozzle motion.

m——(t) = [:'i(t) +IEiT(t) ©) Figure 3 shows a linear relationship between the nozzle

dt velocity and chain’s polymerization ral for nozzles of fixed
geometries. The data points for this plot were obtained by fitting
the mean-square displaceméht (t)2Cof the center of mass of
the nozzle to the following equation

where7; is the bead velocityF; is the net deterministic force
acting onith bead of masm, andF;'(t) is a force coupling the
system to a thermostat.The velocity-Verlet algorith# with
a time step (MD time step)t = 0.002; was used to integrate
the equations of motion (3), whetg; is the standard LJ time,
713 = o(mksT)Y2 Each simulation run lasted 2.% 107
integration steps. describing the motion of an object with a constant average
Growing polymer chains were permanently attached to velocity »; which orientational correlations decay exponentially,
catalytic sites that were uniformly distributed over the nozzle GF(t)o(t + At)T= v? exp(—At/zy), with characteristic timer,.
cap. We have performed simulations with 1, 2, 4, 6, and 8 The loss of the orientational correlations is due to fluctuations
polymerization centers. The chain polymerization was performed of the direction of the propulsive force caused by the nozzle
as follows: a reactive monomer located outside the nozzle shape fluctuations that are determined by the nozzle rigidity
within a capture radius from a polymerization site was selected and compressibility of the polymeric solution inside the nozzle.
and inserted as a pointlike monomer into polymer chain; a point Note that during the time intervals< 7, the motion of the
bead was generated between the catalytic site and the first beadozzle is ballistic with[Ar ()20~ v?t2 while at longer time
of the polymer chain with a velocity randomly picked from the intervalst > 7, the motion is diffusion-like[Ar (t)?C~ 2vtt,
Maxwell distribution. The size of a bead grows at a rate of 0.01/ with the effective diffusion coefficientD = v?tp/3. The

Art)’0= 2077t — 2071, (1 — exp(-tiry)  (4)
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Figure 3. Dependence of the nozzle average velocity on the net
polymerization rate for the nozzles of different geometries: C18L20P1,
open triangles; C18L20P2, filled triangles; C30L20P1, open squares;
C30L20P2, semifilled squares; C30L20P4, square with hourglass;
C54L20P1, open diamonds; C54L20P4, semifilled diamonds; C54L20P6,
diamonds with hourglass; C54L20P8, filled diamonBgenotes the
number of polymerization centers on the nozzle cap.
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Figure 4. Schematic representation of blob structure of polymer
chains inside a nozzle and of the forces acting on the slice of polymer
solution.

nozzle motion to take into account the hydrodynamic interac-
tions?® Consider a nozzle with radiuR and lengthl moving

with an average velocity; (see Figure 4). Let us choose a
moving system of coordinates associated with a nozzle and
select the direction of the-axis along the cylindrical axis of
the nozzle, pointing toward its open end. The monomers are
constantly inserted into polymer chains at the closed end of the
nozzle with the net polymerization raf,. In a steady-state
regime, the distribution of polymers inside the nozzle is given
by the density profileo(x). This polymer density profile sets
up the distribution of the polymeric osmotic pressi(g) along

t=2x10" MD Steps
Figure 2. Evolution of the growing polymer chains inside a cylindrical  thex-axis. We will assume that polymer mass is pushed toward

nozzle (C30L20) during the simulation run. Monomers forming nozzle . .
are shown in green, polymerization centers are shown in blue, growing the open end of the nozzle as a plug and will neglect the radial

polymer chains are shown in red, and the solvent molecules are shownvariations in the polymer density distribution. Thus, all mono-
in light gray. mers which are located at the distanciom the origin of the

moving frame have an average velocity(x) relative to the
] - o moving frame. In the steady-state regime the polymeric mass
existence of the constant average veloeitis an indication of s moving through the nozzle without acceleration. Thus, the
the constant propulsive force acting on the nozzle. As one would sym of all forces acting on the slice of polymer solution with
expect, the magnitude of this force is larger for the faster thicknessAx and aress = 7R? is equal to zero (see Figure 4).
polymerization rate®, and is manifested by the faster motion Thjs slice is pushed toward the open end of the nozzle by the

of the nozzle. The nozzle velocity also depends on the geometricfyrce generated by the polymeric pressure difference on both
characteristics of a nozzle such as its length and size. The largeijges of the slice

nozzle moves slower than the smaller ones at the same
polymerization rateR,,. IP(X)

To establish how this propulsion motion is related to the Fpo(®) = S(P(X) — P(x + AX)) ~ —%xa— (5)
nozzle geometry, we modified a scaling model describing the X
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This force is opposed by the friction of this slice against solvent the nozzle experience this friction. The projection of the sliding

F:(x) and by the sliding friction forc&y(x) against the nozzle
surface.

The analysis of the polymer density profile inside the nozzle
shows that polymer chains inside a nozzle form semidilute or —F4(X) O — v,(X)27R5
concentrated polymer solutions. In such solutions the hydro-
dynamic interactions are exponentially screened at length scales

larger than the solution correlation length(correlation blob
size)?3-25 The hydrodynamic interactions between different

friction force on thex-axis is equal to

EL P00
og(x)
~ REZG(E VA (1)

parts of the chain subsections control its dynamics at the |engthTaking into account new expressions for the friction forces given

scales shorter than the correlation lengtfiThe motion of these
subsections is described in the framework of the Zimm
model?3-26 Because of the exponential screening of the

by egs 10 and 11, we can write the following differential
equation describing distribution of the polymer density inside
the nozzle as a function of the nozzle average velagignd

hydrodynamic interactions at length scales longer than the the chain polymerization rate,

solution correlation lengthg, the polymer chain behaves as a

Rouse chain of beads whose size is equal to the solution  9P(X)

correlation lengtire. The friction coefficient of the blob against
solvent is equal to

(6)

wherey, is the solvent viscosity anél = 6mrno is the effective
monomeric friction coefficient.

In the case of the nonuniform polymer density profile)
the correlation blob size:(x) and the number of monomers in
correlation blohy(x) are varying along th&-axis. For polymer

Eplop = BTnr £~ &r 5/0

_ U;g 20/(3v—1)
x O oscp(x) +
R 20\ . \a-iE-1)
gle +&g)re (12)

This equation describes the distribution of the polymeric osmotic
pressure and the polymer density inside nozzle. In polymer
solution the polymeric osmotic pressure depends on the local
polymer density aP(x) ~ kgTg(x)3Cr~1)/g3,23-25

To obtain the expression for the nozzle velocity, we have to

chain in a good solvent for the polymer backbone, there is a write the equation describing the motion of the nozzle itself. In

following relation between the blob sizg(x) and the number
of monomers in itg(x)

re(x) 0 og(x)” )

wherev = 0.588 is the good solvent exponé?it?> In semidilute
polymer solution the blobs are densely packed such that

9
p(x) O 0

&

Do g™ ®)

Solving this equation for the number of monomers in a blob
g(x) as a function of the local polymer volume fractigiix) =
p(X)o®, one has

909 0 (x> 9)

In solution of blobs, the friction coefficient of the slice of a
polymer chain with thicknesax is proportional to the total
number of blobs within volumeSAx, which is equal to
p(X)SAX/g(x), times the blob friction coefficientrg(x)/o. The
projection on thex-axis of the friction force against solvent is
equal to the slice friction coefficient times the velocity difference
between the polymer and solver(x) —

&ré-‘(x) M O
o 9
B %590()()(1_1,)/(31,—1) _ if(p(x)(ZV)/(Sv—l) SAX (10)
(o

—F(9 O —=(vy(¥) — v

In derivation of the eq 10, we use a steady-state condition that
the polymeric flux through each cross section area is equal to

the chain polymerization ratey(X)p(X)S = Rp.

the steady state the sum of all forces acting on the nozzle also
should be equal to zero. These forces include the net force
exerted by the confined polymer solution on the surface of the
nozzle capSRO0), pointing toward the direction of the nozzle
motion, the friction force between nozzle and solventi&;,

and the net sliding friction forcE; between the nozzle surface
and the growing polymers which direction coincide with the
nozzle velocity. For a cylindrical nozzle of radiBsand length

I moving along its long axis, the friction coefficient is equal
t026

27|

SR

(13)

The magnitude of the net sliding friction ford€ between
the nozzle surface and polymer chain is obtained by summing
contributions from all sliding friction forces acting along the
whole lengthl of the nozzle

E7(9 p()
og(X)
REZD (190941 ax (14)

FI0) O [0 up(x)27R0 dx [0

Combining all contributions together, we can write the following
equation describing nozzle motion

2(3 | -V V—
PO)SD &u + RET CeEE dx (15)

In the general case, in order to obtain the relation between
the nozzle velocity and chain polymerization rate, we have to

The friction force between the surface of the nozzle and the solve eqgs 12 and 15. However, in the limit when the polymeric

polymer is proportional to the relative velociiy(x) between

pressure at the open end of the nozZ2(® is small such that

the nozzle surface and the growing polymer. We will assume P(0)/P(I) > 1, we can integrate eq 12 between 0 &add obtain

that the sliding friction coefficient is equal &ar¢(x)/c and that
only those blobs that are within thicknesérom the surface of

another equation relating the polymeric presse(@), nozzle
velocity v, and chain polymerization rat®,. EliminatingP(0)
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Figure 5. Dependence of the average nozzle velocity on the reduced

polymerization rateR,*. The symbol notations are the same as in
Figure 2.
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confined inside the nozzle, we do not expect any significant
effect of the finite chain length on the nozzle motion. Note that
the increase of the number of monomers in a polymer chain
beyondN, = 100 can only slightly influence the nozzle motion
due to renormalization of the local solution viscosity outside
the nozzle by the sections of the growing polymer chains.

In conclusion, we have proposed a model of the polymeric
nanopropulsion engine, which can generate a directional motion
in a solution by polymerizing macromolecules inside nozzlelike
pores. The engine can be thought of as an analogue of the jet
propulsion engine, which secretes polymers in a solution and
takes advantage of the polymer viscoelasticity to propel itself
forward. The proposed design of the nanopropulsion engine is
simple enough that its construction should be feasible using
modern chemical techniques.
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from these equations, we can write the expression relating theof Connecticut Research Foundation.

nozzle velocity with the polymerization rate

£ J(‘)' gO(X)(l—v)/(3v—1) dx

£+ S_§ fol P() V3D gy
o

y OR* ~R, (16)

Thus, the velocity of the nozzle is proportional to the polym-
erization rate with the proportionality coefficient being depend-
ent on the nozzle friction coefficient, nozzle length, and the
polymer density profile inside the nozzle.

Figure 5 confirms the linear relation between the nozzle
velocity vy and the reduced polymerization r&&gf. This choice
of the reduced variables allows collapse of all simulation data
shown in Figure 3 into one universal plot. To obtain this plot,

Supporting Information Available: Movie of the nozzle
motion during the simulation run. This material is available free
of charge via the Internet at http://pubs.acs.org.
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