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ABSTRACT

Temperature-dependent conformations of linear polymer molecules adsorbed at carbon nanotube (CNT) interfaces are investigated through

molecule dynamics simulations. Model polyethylene (PE) molecules are shown to have selective conformations on the CNT surface, controlled

by atomic structures of the CNT lattice and geometric coiling energy. PE molecules form entropy driven assembly domains, and their preferred

wrapping angles around large radius CNT (40, 40) reflect the molecule configurations with energy minimums on a graphite plane. While PE
molecules prefer 0 ° wrapping on small radius armchair CNT (5, 5) predominantly at low temperatures, their configurations are shifted to larger
wrapping angle ones on a similar radius zigzag CNT (10, 0). A nematic transformation around 280 K is identified through the Landau —de
Gennes theory, with molecule aligning along tube axis in extended conformations.

Interfaces between polymer molecules and carbon nanotubesssembly domains around a large radius CNT with preferred
(CNTSs) are present in many CNT-based nanomaterials andwrapping angles, which reflect configurations at the interac-

applications, such as polymeric nanocompositesCNT tion energy minimums with the CNT lattice. While wrap-
sensors or functionalization with large organic or biological pings around ®dominate on a small radius armchair CNT,
molecules,® and molecule transports in CNT chann€l$! molecule wrappings shift to larger angles on a similar radius

More recently ordered and selective assemblies of polymerzigzag tube.
and DNA molecules at the nanotube interface have been pg is chosen as the model polymer in our simulations

in\./est-igaltfd,such as in PPEI-I:‘S;iSngIe-w_aII CNT (SWCNT)  \which provides a good representation for long linear
thin film?2, at PmPV-SWCNT;* stearic acid molecute molecules. A typical simulation unit cell is about 30 A

SWCNT}* and polyaniline-multiwalled CNT interfacé 30 A x 209 A for initial configurations with periodical

systems. Crystallization of the polyethylene molecule in o nqary conditions. A total of 50 PE molecules with 100
alignment with the nanotube has also been observed rece”thfepeating Chlunits and a capped 200 A long CNT (10, 0)

i i 6,17
md exp;)enmenté. Dkz\lg\ molgcules haveb beeg_ showor|1 0 is mixed together as a composite material. The material is
adsorb on CNTs with dependence on tube radius and DNA prepared at a high temperature of 600 K with each individual

3 . .
sequencé” These studies open opportunities to use CNTs molecule relaxed through a Monte Carlo simulation before-

gtsr il:brzt;ﬁﬁz t‘;’rsrggﬁ?gli tzregc;?grslsegtbcljleNsill' .Ire(?f;glseggshand and is gradually cooled to low temperatures with a rate
uct u N : ! 10 K/100 ps at a constant pressuRe=€ 1 bar). A united

are expected to significantly influence many properties in atom model is used for PE intramolecular interactions with

tsrt]reu;t;?g%rrggrr;goneendhgr?ggj)i/rsnt:?:éi;:lor;:é(r?;ﬁ)(l;; trp ;Ai?;rlseoond stretching, bending, and dihedral potentials. A truncated
g 6-12 Lennard-Jones (LJ) type van der Waals (VDW)

) ¥ 19,20 . o
in CNT C(_)mposne’sg . and conformation dependv_ant diffu interaction is included between CNTs and matrix and within
sivity of biopolymers in CNT% have been shown in recent : . )

matrix. The details of the force field can be found else-

studies. where??2 The Amber force fielé? has been used for the<C

In this letter, we study conformations of polymer mol- . . ) )
ecules at various CNT interfaces through molecular dynzjlmics'nter&mtlon on the QNT_' A time step of 05 fs is used, and
all the data shown in this letter are a statistical average over

(MD) simulations?* Model polyethylene (PE) molecules are 100 bs MD simulation i | and iah |
shown to have selective conformations on CNTs, with a ps simulation Interval and over eight sample sets.

strong dependence on temperature and on the radius and The radial distribution function (RDFY(r) of the PE

chirality of nanotubes. The molecules are found to form Molecules (ones near the CNT cap region are excluded)
around CNT (10, 0) as a function of radial distamceom

* E-mail: cwei@mail.arc.nasa.gov. the CNT wall is shown in Figure la, a = 50—-600 K.

10.1021/nl0605770 CCC: $33.50  © 2006 American Chemical Society
Published on Web 06/29/2006



-8.76
& -8.77 |
o —
>
2
> -8.78
D
? 2
g e 2 879
£ 0.005 0.01 0015 =
o 1T (]
& >
o] -8.8
2
(e}
i -8.81 . . . . .
Distance from CNT wall (A) 0 10 20 30 40 50 60

Figure 1. (a) Radial distribution function (RDF) as a function of Rotation angle (degree)

distance from the CNT (10, 0) wall for PE molecules. Inset:
Schematic plot of an embedded CNT in a simulation unit cell and
definition of coordinates. The black strap represents a molecule
around the CNT with a wrapping angfe The orientation vector

of a subchain in a molecule is shown at symmetric adgfflewith e s

the tube axis (upper-right inset). (b) The orientation order parameter e p_ﬁ::q:.{?. :

S. Inset: The inverse of correlation volume @ as a function of . i L0 ‘i'?:g'ﬁ' 3 ;;,..;."

UT (KD, I e ot Seie isses
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Two discrete adsorption layers can be observed at 3.5 anc A LT e y :

7.5 A. While the first layer is due to the interfacial VDW
interaction between molecule and CNT, the second layer is
further induced by the high molecular density in the first
layer. Similar layered structures with oscillating density have rigyre 2. (a) VDW interaction energy between a 100-unit PE
been observed in polymer melts between flat pf&t&and molecule and a graphite plane as a function of the rotation angle
in short polymer molecules around CNY# in previous of the molecule. Insert: Schematic plot for the rotation of the
simulation studies. The temperature effects on the RDF havemolecule (partially shown). The line running parallel represents the

. ; backbone of the molecule at initial configuration with= 0°. (b)
two parts: enhance adsorption at low temperaiures andA snapshot of the atomic structure at the interface of a €8T

broaden peaks with positions shifted to higher values at high (40, 40) composite (partially showfi,= 50 K). Values of wrapping
temperatures, due to the thermal expansion of the compositeangles in each domain are marked.

The conformation of the molecules is further investigated
through an orientation ordering parameter measuring theof the peaks inS, (Figure 1b). Following the Landatde
correlation between the local orientation of molecule back- Gennes theory on isotropimematic phase transitic,a
bones and the CNT axi8?’ The parameter is defined as correlation volume is defined a& = 4z [ r2S(r)g(r) dr
S(r) = 0.5 x [3[¢og O(r)T— 1], wheref is the angle for molecules in extended conformations along tube axis,
between the vector connecting the two ends of a four- which diverges around a transition temperatligeasV: ~
segment subchain on a molecule and the CNT &Xis,is T/(T — To). The 1N¢ as a function of IV is shown in the
the distance of the center mass of the subchain from the CNTinset of Figure 1b, and an extrapolation valueTpf 280
wall in the XY plane (see inset of Figure 1a for definitions); K is obtained at : = 0. Different from the RDFs, where
and(Trepresents the statistical average over all the moleculesthe peaks of the molecule density continue to increase with
in the simulationS, = —0.5, 0, or 1 represents cases for the lowering T down to 50 K due to the continuing volume
molecules in the perpendicular, random, or aligning direction compression of the composite, the magnitude of the peaks
with the tube axis, respectively. The functi@nis plotted in S, only increases significantly until a temperature around
in Figure 1b at various temperatures, and it can be seen thathe glass transition temperatufg (~ 310 K from density
a higher ordering (large,) in molecular orientations is  vs temperature function) of the composite. The conformations
correlated with the higher density in the adsorption layers, of the PE molecules begin to freeze and further alignments
within which the molecules prefer extended conformations with the embedded CNT are dramatically slowed whign
along the tube axis, induced by gains in the adsorption < Tg.
energy. A recent experiment has shown that micrometer long While the ordering paramet& is an averaged value, the
rodlike fd virus can induce a similar elongation in polymer conformation of an individual molecule, especially the ones
molecules® at the interface, can be greatly influenced by the atomic

With the decrease of temperature, the PE moleculesstructure of the substrate CNT. A previous theoretical
rearrange their alignment with the CNT to lower adsorption analysis has shown that geometry constrains can induce
energy further, as indicated from the enhanced magnitudeinteresting features in the coiling angle for wide strapped
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polymer molecules, though effects of temperature and atomic  0.02 ——T—T—
registry of nanotubes were not considered téfeor a PE

molecule adsorbed on a graphite plane, there are three
energetically favorable configurations in commensuration g g1
with the substrate, each separated b¥, @the bond length

and angle in graphite and polymer match. When mismatch 2
exists, the energy profile for an adsorbed molecule is more g

0.04

410.02

..

complicated. Shown in Figure 2a is the VDW interaction [ 0—90 -60-30 0 30 60 90 -90-60-30 O 30 60 90
energy as a function of the rotation angle of a straight (rigid) < %03 7 0.03 —————————
100-unit PE molecule (in the united atom model) at the = (©) (10, 10) (d) (10, 0)
energy minimization distance on a graphite plane (substrateg 0.02 10.02

fixed). The parameters for VDW are the same as those in2
the composites. The-6C bond length is 1.53 and 1.42 A, 0.01
and C-C—C bond angle is 112°8and 120 for the PE
molecule and graphite, respectively. The illustration for the ey 0 N
rotation is shown in the inset of Figure 2a. The rotation step -80-60-30 0 30 60 90 -90-60-30 0 30 60 90

is 0.1°, and the translations in the graphite plane (by 0.142 Wrapping angle (degree)

A per step) are allowed to minimize the VDW energy. Only Figyre 3. Probability functionP(6) at (a) CNT (40, 40), (b) (5,
angles between°Gand 60 are considered due to symmetry. 5), (c) (10, 10), and (d) (10, 0) interfaces: solid (black)¢tdashed

It can be seen in Figure 2a that there are five energy (red), dashed (green), and dotted (blue) lines (color online) are for
minimum regimes around following angles: ()#&nd 3.6 T =500, 400, 300, and 50 K, respectively.

= (120 — 112.8)/2 due to the mismatch in bond angles; .
(2) 6¢° and (60— 3.6) similarly: (3) 15.3 = cos (ay/a), are also helpful for the ordering. The marked values3,

wherea; = 2 x sin(120/2) x 1.42 A on CNT anck, = 2 15°, 26°/33°, 55°, 75°) in Figure 2b reflect the angles at

x sin(112.8/2) x 1.52 A on graphite (see inset of Figure minimums in Figure 2a, though small deviations exist. The
2a) due to mismatch in bond lengths; (4) £4:7 (60 — reason for the deviations is that the molecules can be tilted

15.3¥ similarly; (5) 3¢, due to geometric symmetry. These by a s.mall angle due to interactions at domain boundaries.
regimes are separated by flat distribution in between. The A Similar feature has been observed for alkane molecule
reasons for the nonsmoothness and fluctuations in the energSS€mbly on graphite in previous eXperlrﬁéahd_ simula-
profile are attributed to the finite length of the PE molecule tion-** Multiple domains coexist due to gains in entropy,
and the atomic level (which is discrete) description for the Which scales a$ = keNq In Mg, whereNy and Mg are the
interactions. Similar patterns and minimums have also beenUmber of possible wrapping angles and domains on a CNT,
observed for CNTs rolling on a graphite plafeFor other respectively. For f[he _CNT (40, 40) composn_e stu<_j|ed here,
local minimums such as af 6vith narrow distribution, their € entropy contribution to the free energy is estimated as
effects on molecule conformation could be limited. TS ~ 40T, if taking Ng ~ 1/2 x 360/60x 5 (there are 5

When the graphite plane rolled into a nanotube, the rotation Main minimums in Figure 2a and factor 1/2 is due to
angles at the VDW interaction energy minimums are SYMmMetry), andlq ~ 2 x 7 (there are 7 main domains on

projected into favorable wrapping angles for the polymer ©N€ side of the CNT in Figure 2b and factor 2 is for both
molecules on CNT r{, m), with a shift of sirrl(\/:_%mlz sides). Such contribution is comparable with the cost. in PE
\/27 S o ) adsorption energhE ~ 70kgTzo0x for T > 300 K (assuming
n®+ m + nm) £ 30°, considering the chirality angle sin  paif of the 13 600 atom sites on the CNT are for adsorption
6 = v3m2Vn*+nf+nm for CNT (n, m) (the 30 and consideringAE ~ 0.03 eV ~ kgTsoox per 100 atoms
coming from adjusting wrapping angle values relative to tube betweend = 3.6° and the plat regime in Figure 2a). While
axis). Several PECNT composite systems are studied with  domains can merge to lower the interaction energy at
procedures described above, which consists of 200-A-longboundaries, the dynamics is expected to be slow, especially
continuous CNT (5, 5), (10, 0), (10, 10), or (40, 40) and 95, below Ty and multidomains can remain at [ohwalues due
95, 115, or 250 100-unit PE molecules, respectively. At the to a molecule conformation frozen. Such multidomains have
interface of the large radius CNT (40, 40), the preferred been observed in recent experiments on crystallization of
wrapping angles are expected similar as the ones on thePE molecules on the surface of large radius carbon nanofi-
graphite plane, as the energy costs for coiling a molecule ber!” While the process of crystallization of the polymer
around the tube is small. Shown in Figure 2b is a snapshotmolecule has a much longer time scale compared with the
of the atomic structure of PE molecules at the interface of one used (on the order of nanosecond) in MD simulations,
CNT (40, 40) afT = 50 K in one of the samples. It can be the molecule structures at the interface are expected to be
seen that PE molecules are assembled on the nanotube isimilar with or without crystallization.
domains. Within each domain, the molecules are in ordered The coiling of the PE molecules around a nanotube is
configurations with a preferred wrapping angle and are quantitatively described through a probability functief)
separated by an equal distance of 4.26 A. Such orderedfor local wrapping anglé® between the vector connecting
structures are attributed to the interaction with the CNT the two ends of a three-segment subchain on a PE molecule
lattice, while the interactions between polymer molecules and the nanotube axis (see the Figure la inset). The

10.01 |
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Figure 4. Upper part: Stick-ball plot of a snapshot of polyeth-
ylene molecules at the interface of CNT (5, 5)at 50 K (portion

of the nanotube in simulation is shown). The molecule shown in
black is in registry with the CNT lattice. The hydrogen atoms shown
in the plot are not explicitly included in simulations. Other
molecules in the system are not shown for clarity. Bottom part:

the following relation, tardp = rent/(rent + A) x tan 6,
wherercyr is the nanotube radius aml ~ 3.5 A is the
distance between the CNT and the molecules in the first
adsorbed layer. The values for the preferred wrapping angles
Op are expected to be modified slightly toward smaller values
compared with those on a flat graphite surface duB.tg

On the armchair CNT (5, 5), a significant peak aroufid O
dominates as shown in Figure 3b, which we attribute to the
double favorable factors from the minimum VDW interaction
energy with CNT lattice and the minimum molecule coiling
energy at such configuration (due to the broad width of the
peak, wrapping at =3.6° is difficult to be distinguished
from 0° in Figure 3b). The distribution oP(6) is much
broader on the similar radius zigzag CNT (10, 0), with two
peak regimes aroung22.5 and 15 as shown on Figure
3d. The wrapping angle® of —22.5> and 15 representp

of —12.5 and & on the CNT (10, 0), respectively. While
the former is associated with rotation angle arour{(@0—

15)° at the local energy minimum, the latter has a rather
large derivation from the angles at the energy minimums in
Figure 2a. Angle tilting due to domain boundary interactions
and thermal fluctuations can contribute to such deviation.

Molecules at the same section of the nanotube in the same sampleSimilarly, on a medium radius CNT (10, 10) nanotube, two

atT = 600 K.

normalizedP(0) with / P(0) d@ = 1 in the first adsorption
layer is plotted in Figure 3 for various PEENT interfaces,

peak regimes are observed arouh@?’ in Figure 3c, and
their projected wrapping angles onto the CNT at#5°,
matching two of the minimums in Figure 2a. Assembly
domains with 0 wrapping on CNT (10, 10) interface are

atT = 50-500 K. It can be seen that distinct peaks appear observed in examining the atomic structures, though the
with decreasing temperature, representing the formations ofbroad peaks at15° smear the distribution d?(6) near O.

molecule assembly domains. The abundant peaks (5°,
+60°, —41°, —20°, 0°, 31°) on CNT (40, 40) (Figure 3a)

The larger value oP(0) at +15° than O is contributed to
the favorable formation of multidomains and to the finite (8

throughout the wrapping angle range are expected as alreadyere) sample sets in calculatigo).

shown in Figure 2b. Reasons for deviations from the rotation

A stick—ball plot of a snapshot of PE molecules at the

angles at energy minimums in Figure 2a were discussedCNT (5, 5) interface (portion of the nanotube in the
above, and such derivations also contribute to the broad widthsimulation) is shown in Figure 4. It can be seen that the

of the peaks irP(6).

For a much smaller radius CNT such as (5, 5} 3.5
A) or (10, 0) ¢ ~ 3.9 A), the molecule coiling energy
becomes important, which scalestag = k. sint 6/R?, where
ke, 6, and R are the bending constant, coiling angle, and
radius for molecules, respectivelyLarge angle wrapping

molecules are in well extended and ordered structures with
a wrapping angle of Oat low temperaturel{= 50 K, upper

part of Figure 4), when the composite is in the solid state. A
molecule (black sticks) is seen in a clear registry structure
with the substrate CNT. At high temperatures above glass
transitions, molecules begin to choose orientations away from

is much depressed on these tubes as shown in parts b and the nanotube axis and the increased thermal fluctuations

of Figure 3. Due to the curvature effect on a small radius
tube, the molecule wrapping angk is mapped into a
projected wrapping anglé- onto the CNT surface through

begin to destroy the ordered structures, as shown in the
stick—ball plot of polymer molecules at the same section of
the CNT (5, 5) interface, &t = 600 K (bottom part of Figure

Figure 5. Left: Snapshot of polyethylene molecules at the interface of CNT (10, D)=a60 K (a portion of the nanotube in simulation

is shown). Right: Tilted top view.
1630
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Figure 6. Logarithm ofP(6) as a function of sih6/ksT (eV 1) at
T = 600 K. The solid, dotted, dashed, and -ddashed lines are

for CNT (5, 5), (10, 0), (10, 10), and (40, 40) composites,

respectively.

4). Similarly, shown in Figure 5 is the snapshot for PE
molecules at the surface of CNT (10, 0) (portion of the

nanotube is shown) af = 50 K. It can be seen that the

molecules are in ordered structures with wrapping angles
around 22 and—22° (see above discussion) in two adjunct

domains.

With an increase in temperature, the influence from the
atomic level interfacial interactions diminishes and the
conformation of polymer molecules would be dominated by

mation along the nanotubes. While the results discussed here
are expected to remain for alkane molecules in general, the
dynamics (such as time scale) of the formation of ordered

molecule structures and domains at the CNT interface can
depend on the length scale of the molecules. These results
are important not only for understanding the interfacial

interactions and structural couplings presented in CNT-based
composites and sensors but also for designing radius and
chirality dependent molecular assemblies on CNT surfaces.
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