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Adsorption of an alkane mixture on carbon nanotubes: Selectivity and Kkinetics
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Adsorption and its dynamical process of polymer mixtures consisting of long and short alkane molecules
around a carbon nanotube (CNT) are studied with molecular-dynamics (MD) simulations and master equation.
Preferred adsorption is found for long chained molecules compared to short ones, due to favorable interfacial
interaction energies of the former with the tube. A dominating ratio ~32 is calculated for the adsorption sites
of hectane molecules vs decane molecules in their equal weight melt mixture when around a CNT (5, 5) at 420
K. The adsorption-desorption kinetics of the molecules is described through a master equation in combination
with MD simulations. A fully adsorbed alkane molecule is found to be much more stable than a partially
adsorbed one, regarding its monomer desorption rate from the nanotube. This results in a sharp peak in the
population of the morphology of the adsorbed molecules at their maximum bound fraction f;,=1. The crystal-
lization in the mixture composite and the selectivity and molecule morphology during a cooling process were

also discussed.
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I. INTRODUCTION

Carbon nanotubes (CNTs) have been recently investigated
as additive fibers for multifunctional nanocomposites and as
sensors for polymer or biopolymer molecules to take advan-
tages of CNTs’ high strength and thermal conductivity and
structure and environment sensitive electronic properties.!
Polymeric CNT composites have been studied extensively
due to their vast applications.” A general issue in these nano-
composites, similarly as in traditional polymer composites, is
that there usually is a broad dispersity in the chain lengths of
the matrix molecules.’ This dispersity can greatly influence
the properties of a composite such as load transfers and ther-
mal coupling or in its lubrication and coating applications,
due to length-dependent molecular adsorptions and mor-
phologies at the interface. The properties of bulk polymer
matrix can be affected subsequently also, as shown in recent
experiments, where the favorable adsorption of long polyeth-
ylene (PE) molecules over short ones around CNTs was sug-
gested to contribute to a drop of the viscosity of its CNT
composites* and silica nanoparticle composites.’

In this study we investigate the competing and dynamical
adsorption process of a binary polymer (alkane) mixture con-
sisting of long and short chains around a CNT with
molecular-dynamics (MD) simulations.® MD simulations can
provide atomic-level descriptions for the interfacial interac-
tions, which is vital for the understandings of the conforma-
tions of adsorbed molecules on a CNT, as shown in numer-
ous experimental, modeling, and theoretical studies on
structural ordering and assembly and radius-dependent and
chirality-dependent adsorptions of polymer’™ or DNA
molecules.!® In this study, besides selective adsorptions in
the mixture, we also investigate the adsorption-desorption
kinetics and the morphology of the alkane molecules on the
CNT. A master equation was used to understand the compet-
ing adsorption process, in combination with the MD simula-
tions.

II. SIMULATION METHOD

An united atom force field was used for the alkane mol-
ecules, which includes bond-stretching, angle-bending, and
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dihedral angle-rotation terms. AMBER force field!' was used
for the CNT. Truncated 6—12-typed Lennard-Jones potentials
were used for the van der Waals (VDW) interactions between
the alkane molecules or any two segments separated by more
than four units within a molecule and with the CNT. The
details of the force fields can be found elsewhere.'? The rep-
resenting mixture system considered in this study consists of
40 hectane (C;goHpp) and 400 decane (C;oH,,) molecules
embedded with a continuous CNT (5, 5) (~200 A) in a
periodic unit cell with size about 40X 40 X200 A. Each in-
dividual alkane molecule was relaxed with a Monte Carlo
(MC) simulation up to two million steps'? such that the end-
to-end distance of the molecule shows the square-root depen-
dence on the chain length as predicted by Flory’s theory.!?
After the MC relaxations, the molecules were put together
with random translational and orientational positions around
the CNT. Anisotropic Berendsen NPT ensemble with P
=1 kbar was used with thermostat and barostat relaxation
time at 0.5 and 1.5 ps, respectively (applied to all the atoms).
A time step of 1 fs was used. To study the dynamical process
of the molecule adsorption within the time scale of the MD
simulations (tens of nanoseconds), a temperature of T
=420 K was set, which is above the glass transition tem-
perature of 7,~289 K (estimated from density vs tempera-
ture plot). At T7=420 K, the hectane-decane mixture is in a
melt state. Other binary mixture system with less dramatic
difference in their chain lengths, such as eicosane (C,oHy)
and decane, were also investigated.

III. RESULTS AND DISCUSSIONS
A. Selective adsorptions in the mixture at the CNT surface

Starting from the initial condition that the hectane and
decane molecules were distributed randomly around the
CNT (5, 5), a much more preferred adsorption of the long
chained C;yH,y molecules over the C,4H,, molecules is
found during equilibrium MD simulations up to 10 ns, with
the decane molecules depleting from the nanotube surface
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FIG. 1. (Color online) (a) The number of adsorbed monomers
for the hectane (black upper curve) and decane [red (dark gray)
lower curve] molecules as a function of time. (b) The RDF for the
hectane (black solid curve) and decane [red (dark gray) dashed
curve]| molecules in the CNT (5, 5) mixture composite (averaged
over the last 5 ns simulations).

and replaced by the hectane molecules. Such process is
shown in Fig. 1(a), in which the number of the adsorbed
monomers, n,;, for the hectane molecules and n, for decane
molecules, is plotted as a function of time. A monomer is
considered to be adsorbed directly on the CNT, if its radial
distance to the tube surface <6 A within the first adsorption
layer [see Fig. 1(b)]. It can be seen that starting from the
rather close values with n,~772 and n;~ 620 at =0, the
number of the adsorbed monomers for hectane increases up
to a stable value of n;, ~ 1478, accompanied by the deceasing
of n; down to ~46, after 4 ns simulation runs. The radial
distribution function (RDF) for the hectane and decane mol-
ecules from the tube surface is shown in Fig. 1(b), with a
much enhanced peak for the former in the first layer (the
RDF values are averaged over the last 5 ns simulations). As
an illustration, the configurations of the hectane-decane sys-
tem at an early time (r=80 ps) and at t=10 ns are shown in
Fig. 2 in comparison (only monomers in the first adsorption
layer are shown). The adsorbed molecules or the segments of
a partially adsorbed one has their orientations predominately
along the CNT (5, 5) axis, which is due to the optimal inter-
action energies with the nanotube lattice and the minimized
molecule bending energy around the armchaired tube with
small radius.® The molecule orientation feature appears at
early times [see Fig. 2(b)], suggesting that the aligning pro-
cess is fast in the melt mixture.

The total number of the adsorbed monomers is roughly
constant at n,=n,+n,;~ 1525, suggesting a saturated adsorp-
tion surface. There is a slight increase in n, during the initial
4 ns simulation, due to the improved molecule packing ar-
rangements at the tube surface. A coverage ratio of 0.9 is
obtained for this alkane mixture, considering the lattice site
of 1700 on the CNT (5, 5) in the simulation. In comparison,
a smaller coverage ratio of 0.8 is found for a same weight but
pure decane matrix around the same length CNT (5, 5), with
its n,~ 1360 compared to that of 1525 in the hectane-decane
mixture. This fact supports the consideration that the pre-
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FIG. 2. (Color online) The configuration plot for the adsorbed
monomers on the CNT (5,5) surface. Left: r=80 ps; right: ¢
=10 ns. Light gray: nanotube; green (gray): decane; blue (dark
gray): hectane. Atoms outside the first adsorption layer are not
shown.

ferred adsorption of the longer alkane molecules over the
shorter ones is due to energetic reasons. When the alkane
molecules adsorb on a surface, the intermolecule distance,
which needs to be in the range of the VDW distance ~4 A,
is much larger than the intramolecule C-C bond length
(~1.5 A). So the shorter molecules would have more end
units compared to the longer ones, which results in more
adsorption sites and thus preferred adsorptions for the longer
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FIG. 3. The number of the adsorbed monomers of an individual
hectane molecule as a function of time [four selected cases shown

in (a)-(d)].

chains. An eicosane (C,,Hy,)-decane mixture (200 eicosane
and 400 decane molecules) with a less dramatic comparison
in their chain lengths (ratio=2) was also simulated for 10 ns
at 7=300 K, and a preferred adsorption of the C,yH4, over
the C,oH,, molecules was also found around the CNT (5, 5)
but with a much less dominating ratio (~1136/320~=3),
compared to that of n,/n,;~ 1478/46=32 for the hectane-
decane mixture. This difference is consistent with the above
energetic consideration based on the chain lengths. The total
number of the adsorbed monomers on the tube surface in the
eicosane-decane mixture is 1456, which is less compared to
that of 1525 in the hectane-decane mixture. While the en-
tropy lost due to the confinement of the alkane molecules at
the tube surface is a competing factor to the adsorption in-
teraction energy, the later is the dominating one as shown
from the simulations.

Preferred adsorptions of long chained molecule over short
ones have been observed in various systems in both experi-
mental studies,? including alkane molecules on graphite'*!>
and simulation studies, such as alkane mixture on Au
surface'® and inside a nanoporous zeolite.!” A recent experi-
mental study on PE CNT composites also suggested a favor-
able adsorption of higher molar mass PE component on the
tubes.* Groszek'® had observed selective adsorption of hy-
drocarbons on graphite, favoring long chain molecules, and
the denser adsorption sites for the longer hydrocarbon mol-
ecules were also suggested to contribute to the observed pre-
ferred adsorption.

B. Kinetics of the competitive adsorption and molecule
morphology at the CNT surface

In the melt state of the hectane-decane binary mixture at
T=420 K, the alkane molecules at the CNT surface fre-
quently exchange and compete for adsorption sites with sur-
rounding molecules, by the process of desorbing and read-
sorbing of monomers. Such dynamical process is still
abundant after the number of the adsorbed monomers for
both the hectane and decane molecules reaches their stable
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values. Shown in Fig. 3 is the number of the adsorbed mono-
mers for an individual hectane molecule as a function of
time. Several representing cases were selected: (1) progres-
sive adsorption of a hectane molecule to its fully adsorbed
state [Fig. 3(a)]; (2) detaching of an adsorbed chain [Fig.
3(d)]; and (3) two partially adsorbed chains with frequent
desorption and adsorption of their monomers from the tube
surface [Figs. 3(b) and 3(c)]. The desorption and adsorption
process is by one monomer at a time. Peeling off a molecule
all at once would have a prohibited high barrier ~N X E;, for
a N-unit molecule with N> 1,'° where E, is the monomer
activation barrier for the detachment. The length dependence
and the dynamics of the desorption of a polymer molecule
from a solid surface have been investigated in both
experiment?’-?? and simulation studies,’>?* which mainly fo-
cused on the detachment of a whole molecule chain from a
surface and broad distributions in the morphology of ad-
sorbed polymer molecules on a solid surface was suggested
from the experimentally observed nonlinear dependence of
the desorption barrier on the molecule chain length.?!->?
The morphology of the adsorbed molecules on the CNT
surface has a wide distribution. To describe their conforma-
tions in quantitative details, a bound fraction f,=m/N,
(0<f,=1) is defined for a N,-unit molecule, where m is the
number of its adsorbed monomers on the nanotube. The case
with f,=1 represents a fully adsorbed state. To describe the
distribution of f;, among all the adsorbed molecules, a time-
dependent probability function P,(m,t) is defined as

Py(m,1) = {ny(m,0))/(N,(1)), (1)

where n,(m,1) is the number of the adsorbed molecules with
bound fraction m/N,, N,(2) is the total number of the ad-
sorbed molecules, and () represents ensemble averages.
Considering the desorption and adsorption is through a
monomer by monomer process, a master equation can be
written for the evolving of the function n,(m,r) by a small
time step Az,
ny(m,t + Af) = ny(m,0)[ 1 — k" At = k*At] + np(m + 1,0)k” At
+ny(m = 1,0)k*At, (2)
where k™ and k* is the rate for a monomer desorbing from
and adsorbing onto the CNT surface, respectively. Equation
(2) can be written in its differential equation form with
At—0,
on,(m,t
PL) o +1,) =y 016+ Dy = 1.0

= ny(m, 1) Jk*. 3)

For the equilibrium state, with lim,_,.(N,(r))=const. and tak-
ing Eq. (1), Eq. (3) can be rewritten as

. an(m7 t)
Iim——

t—o

=[Pb(m+ 1,t) —Pb(m,t)]k_+[Pb(m— 1,t)

- Py(m,1)]k*. (4)

Take lim, ., =0 and P,(m)=lim, .. P,(m.1), Eq. (4) is

further expressed as
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Pk + k= Py(m+ Dk + Py(m— k", (5)

While the above equation holds for the cases for 1<m
<N,, special attentions are needed when m=N, and m=1,
which represents the cases for the maximum and minimum
monomers possibly adsorbed for a molecule on the tube,
respectively. For m=N,,

Py(N)[k; +k*]=P,(N,- k", (6)

where k_ is the desorption rate of a monomer for a fully
adsorbed molecule (the reason for its introduction will be
discussed later). For m=1,

Py(D)[k; + k7] = P,(2)k™ + Pyky, (7)

where P is the probability for an adsorption site available
for a new molecule to adsorb on the tube surface and k is
the monomer adsorption rate for the molecule. The solutions
to Egs. (5)—(7) are,

k
Py(m—1) =Pb(m)F7 (8)

for m<N ' and
ks
Py(N,=1) = P,(N,)
for m=N,, while Eq. (7) implies that P,(1)k™=Pyk,. Above
master equation and its solution hold for each component of
a mixture system.

Detailed analysis on the data from the MD simulations
shows that k~=k* for an adsorbed alkane molecule, with
kt~5.14 ps™! and k- ~5.07 ps~! (excluding the desorption
events from fully adsorbed molecules). This is not surprising
since the adsorption layer is in a saturating state; for a mol-
ecule to adsorb one more monomer, an available site must be
provided by the desorption of a monomer from its neighbor-
ing molecules and once such site is available, the adsorption
of the monomer is immediate. With the approximation of
k*=k=, P,(m—1)=P,(m) is expected from Eq. (8) for
m<N,, suggesting a flat distribution in P,

Shown in Fig. 4 is the calculated probability function P,
from the MD simulations. At the initial time [red (dark gray)
dashed curve] the hectane molecules were in lightly ad-
sorbed states with their f},s mostly distributed in small values
and with the progressing of the adsorptions, the distribution
for large f,>0.7 becomes abundant. After the system
reached equilibrium, the P, (black solid curve) has a flat
distribution, except a sharp peak at f,=1, which represents
the fully adsorbed state. The feature of P, ~ const. (with ther-
mal fluctuations) for f;, <1 is in agreement with the solutions
from the master equation as discussed above. The sharp peak
at f,=1 suggests a much more stable bound state for a fully
adsorbed molecule than the partially adsorbed one, which is
due to the fact that the later has tails or loops away from the
tube surface that would entangle with outer layer molecules,
and the corresponding interactions would diminish the stabil-
ity of the bound portion of the partially adsorbed molecule,
thus lower its monomer desorption barrier, compared with
the fully adsorbed one.

)
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FIG. 4. (Color online) The probability function P, for the ad-
sorbed hectane molecules in the mixture system. The red (dark
gray) dashed and black solid curve is for =0 and 10 ns, respec-
tively. The data was averaged over a 1 ns period. Inset: lifetime of
an adsorbed hectane molecule as a function of the bound fraction.

To understand its stability, the lifetime 7 of an alkane
molecule with bound fraction f;, is defined as the time it
spends on the tube surface before the desorption or adsorp-
tion of an extra monomer takes place. For f, <1, the values
of 75 are in a narrow range with their average ~0.1 ps for
the hectane molecules while an order-of-magnitude larger
7,~0.73 ps is found for a fully adsorbed one (see the inset
of Fig. 4). The ratio between the transition rates k™ and k| is
related to the lifetimes as k™/k or k*/k;=7,/27~3.7, which
gives P,(N,) ~3.7X P,(m# N,), according to Eq. (9). This
is consistent with the ratio ~4 of the peak value at f,=1 vs
the averaged value for f, <1, as shown in Fig. 4 (see the
solid curve). The decane molecules have similar values and
features in their lifetime and P,, though there is only a few
adsorbed C;yH,, molecules in the equilibrium state. As the
desorption process is barrier limited, the ratio between k™ and
k; would depend on the temperature as k~/k, ~ e”Evksl,
where AE,>0 is the difference between the monomer de-
sorption barrier for a fully adsorbed molecule and a partially
adsorbed one. At low Ts, it is expected that K>k and fully
adsorbed molecules would dominate. Such preference is ex-
pected to be a general feature for a chain molecule, though
the value of k™/k, and AE, would be system dependent. The
AE, is estimated ~0.05 eV for the alkane molecules studied
here.

It should be noted that one of the most important aspects
in the polymer adsorption dynamics on a surface is the in-
volved time scale. Slow dynamics is expected for heavy-
weighted polymer molecules,? especially for strong adsorp-
tions, where nonequilibrium?® or even irreversible process?’
may be found. A bimodal distribution with a peak at a high
bound fraction state for poly (methyl methacrylate) mol-
ecules adsorbed on silicon was shown experimentally,?
though nonequilibrium effects were attributed to such obser-
vation. For the case in this study, an elevated temperature
was used to facilitate the thermal equilibrium of the system
and the distribution peak at f,,=1 was due to the higher de-
sorption barrier for monomers in a fully adsorbed alkane
molecule.
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FIG. 5. (Color online) The configuration of the mixture compos-
ite of CoHy, and CyoHy, with a CNT (5, 5) at 7=300 K after an
extended 10 ns relaxation following the cooling process. Light
Gray: CNT; black: CoHj,; red (dark gray): CooHy,. (Portion of the
composite shown.)

C. Crystallization in the mixture composite

While above studies mainly concentrate on the adsorption
dynamics on the CNT surface, further MD simulations also
show that with a gradual cooling process, the mixture of the
alkane molecules undergoes a structural phase transition with
lamellar layers formed around the CNT that serves as a
nucleation site, similarly as that in a single-component al-
kane CNT composite that was shown in previous modeling
studies.?® Two mixture systems were studied: (1) a mixture
of 400 C,y,H,, and 200 C,4H,, molecules embedded with a
~200 A CNT (5, 5); (2) a larger mixture of 1020 C,oH,,
and 102 C,yoH,0, molecules embedded with a longer CNT
(5,5) ~400 A. Both mixture composites were prepared at a
high temperature of 600 K, with each alkane molecule pre-
equilibriumed with MC simulations, as described in Sec. II,
before putting together in random translational positions and
rotational directions. The systems were cooled down from
600 to 300 K with a rate of 10 K/100 ps, and extended
relaxations up to 10 and 16 ns were further run at T
=300 K. The complications in the mixture composite, com-
pared to the single-component alkane CNT composite, is that
the longer chained molecule such as C,yHy, can extend
through two lamellar layers that formed by the shorter
C;oH», molecules, as shown in Fig. 5. The even longer mol-
ecule such as C;yH,p, can be in a self-folded configuration
to accommodate in the lamellar layers by the C;yH,, mol-
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FIG. 6. (Color online) The configuration of the mixture compos-
ite of C;oH,, and C,pgH,g, with a CNT (5, 5) at T=300 K after an
extended 16 ns relaxation following the cooling process. Light gray:
CNT; black: CigHyy; red (dark gray): CiooHags. Several CjooHopn
molecules that in an self-folded state are marked with stick repre-
sentation [thick red (dark gray)]. (Portion of the composite shown.)

ecules, as shown in Fig. 6 [see the C,oH,p molecules
marked with stick representation in thick red (dark gray)].

The favorable adsorption of longer chained molecules
over the short ones present during the entire cooling process
as shown in Fig. 7, where the number of the adsorbed mono-
mers for both the C,yHy, and C;yH,, molecules are plotted.
Increased selectivity of the former and increased total num-
ber of the adsorbed monomers are shown with the decreasing
of T. This feature can be contributed to the enhanced ener-
getic contribution compared to the decreased entropy contri-
bution to the adsorption free energy at the lower tempera-
tures, which would favor longer chained molecules further.
The uniform feature in the probability function P, with a
sharp peak at f,=1 also presents during the cooling process,
as shown in Fig. 8, with an increased ratio between the val-
ues of P, at f,=1 and f, <1, when T is decreased. In the
crystallization state of the composite at 7=300 K, both the
adsorbed C,gH,, and C;yH,, molecules’ configurations
dominate in the fully adsorbed state (see the dash-dotted
curve in Fig. 8). Such domination is due to the fact that
k™>k at low temperatures as discussed above.
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FIG. 7. The number of the adsorbed monomers at the CNT
(5, 5) surface in the eicosane-decane mixture composite as a func-
tion of temperature during the cooling process. Solid and dotted
curve is for the C,yHy,, and C;yH,, molecules, respectively, while
the dashed curve is the total number of the adsorbed monomers.
Data is averaged over 50 ps.

IV. CONCLUSIONS

In conclusion, we study the selective adsorption in alkane
mixtures and the adsorption-desorption dynamics around a
CNT with MD simulations and master equation. Preferred
adsorption of long chained molecules over short ones is
found, which is attributed to the enhanced adsorption energy
with more binding sites and less edge effects for the longer
ones. Competing adsorptions and desorptions are through
monomer by monomer processes. The broad and flat distri-
bution in the morphology of the molecules with the bound
fraction f;, <1 is explained through the solution of a master
equation for a saturated adsorption. A fully adsorbed alkane
molecule is found to be more stable than a partially adsorbed
one, with a much slower monomer desorption rate. The se-
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FIG. 8. (Color online) The (non-normalized) probability func-
tion for the adsorbed (a) C,yHy4, and (b) C,oH,, molecules in the
eicosane-decane mixture composite system at various temperatures
during the cooling process (data averaged over 50 ps). Black solid,
red (dark gray) dotted, green (gray) dashed, and blue (dark gray)
long-dashed curve is for 7=590, 500, 400, and 300 K, respectively.
The black dash-dotted curve is for 7=300 K during a 10 ns extra
simulation following the cooling process (data averaged over the
last 1 ns).

lectivity and adsorption process is expected to be less influ-
enced by the chirality and radius of the CNT than by the type
of the polymer matrix. Crystallization of the mixture com-
posites is also found during a cooling process from high to
low temperatures, where selectivity of longer molecules over
short ones and features in the molecule morphology with the
domination of the much more stabled fully adsorbed state all
present at the CNT surface in the wide temperature range.
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