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To make full use of the strength of carbon nanotubes in a composite, it is important to have a high-stress
transfer at the matrixnanotube interface via strong chemical bonding. This paper investigates the possible
polyethylene-nanotube bonding with the aid of a quantum mechanics analysis. The polyethylene chains
were represented by alkyl segments, and the nanotubes were modeled by nanotube segments with H atoms
added to the dangling bonds of the perimeter carbons. The study predicts that covalent bonding between an
alkyl radical and a nanotube is energetically favorable, and that the tubes of smaller diameters have higher
binding energies. Hence, a high-stress transfer can be realized in polyethylene-based carbon nanotube
composites in the presence of free-radical generators.

1. Introduction weight polyethylene (UHMWPE) induced by the MWNTSs. Tang
et al# found an increase in the stiffness, the yield strength, and
the fracture toughness of high-density polyethylene (HDPE)
Eomposite films with increasing MWNT content. Owing to its
simplicity, polyethylene-nanotube composites have also been
studied theoretically to a certain extent using the molecular
dynamics simulatioA?~1> These studies discussed the effect of
chemical bonds and nonbonded interactions, between the
polymer chains and nanotubes, on short and long SWNT’s. On
the effect of chemical bonds, they artificially created bonds
between nanotube and polymer chains by introducing two
methylene cross-linked units. Nevertheless, the theoretical
rationale for the chemical bonding was not verified. The best
experimental evidence for chemical modification of carbon
nanotube sidewalls is the reaction with fluorine to form stable
fluorinated product$®1” Bauschliche¥®!® and Jaffé® have
independently studied the addition of H atoms and F atoms to
the nanotube sidewall by the ab initio computational chemistry
approach, and they obtained results that are in agreement with

Polymer-based composites reinforced by carbon fibers have
been widely used in advanced structures. Compared to the fibers
carbon nanoubes have many superior mechanical properties suc
as elastic moduli of £5 TPa and fracture strain of 100
times better. In addition, their aspect ratio is much greater, which
is preferable in making a stronger composite. As such, carbon
nanotubes are being considered in place of fibers for reinforcing
polymers. Some experimental works have been reported on
various polymer-nanotube composités!! However, the re-
ports on the relevant properties of the composites have been
confusing and very often conflicting. For example, Ren ét al.
studied the tensiontension fatigue behavior of unidirectionally
aligned single-wall nanotube (SWNT) reinforced epoxy com-
posite and found that SWNT ropes have good potential as
reinforcement in fatigue-resistant, high-fracture toughness poly-
mer composites. Bower et &linvestigated the composite of
uniaxially oriented multiwall nanotube (MWNT) embedded in
a thermoplastic polymer, po.ly hydroxy amino ether. They experimental data.
stretched the composite until fracture and observed a high .
density of protruding nanotubes having ball-like masses of _1n€ work of Patil and Bro on fullerene-grafted hydrocar-

polymer near the tip of the tube showing the adherence of bqn polymers is of interest. In this work, they first heated a
polymer to the nanotubes. On the other hand, Lau and°Hui mixture of fullerene and ethylene butylene copolymer to 150

found that the use of MWNT for advanced composite structures < and then addedert-butyl peroxide. From the infrared
may not improve the mechanical strength of the structures. Lau SPECtroscopy and gel permeation chromatography results, they
and Shi! found that the bending stiffness of the nanotube specula@ed the existence of an average of six polymer chains
composite beam is grater than that of pure epoxy while the free. radically grafted on to fullerene. )
maximum flexural strengths are lower. Since carbon nanotubes are fullerene-related structures, it may
Polyethylene is one of the simplest among the well-studied P& possible to form chemical bonds between nanotube and
polymers with a known crystal structure and has a wide range Polyethylene chains using free-radical generators such as
of applications. Early experimental wdrlon polyethylene- per(_)X|de_. In principle, radlcals can be generated on polyethylene
nanotube composites showed that an increase in the aspect ratighains either by the abstraction of a hydrogen atom attached to
of the naotubes would bring about an enhanced strength and€ Polymer backbone or by the cleavage of the backbone to
stiffness of the composite. Recently, Ruan et mported that yield terminal radicals. The former is frequently encountered
the presence of MWNT in polyethylene led to an increase in S @ result of chemical or radlatl_on attack. For e>§ample, an oxy
strain energy density, ductility, and tensile strength and attributed "adical generated by homolysis of peroxide is capable of
these to the chain mobility enhancement in ultrahigh molecular Pstracting a hydrogen atom from a polyethylene chain and
thereby generating a radical. Depending on the hydrogen that

*To whom correspondence may be addressed. E-mail: zhang@ IS rfémoved, the radical site could be anywhere on the polymer
aeromech.usyd.edu.au. chain. The backbone cleavage is generally caused by severe
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o TABLE 1: Alkyl Adduct Binding Energies and the New
— S C—C Bond Lengths with Model Nanotubes

fullerene/ binding
nanotube energy new C-C/C—H
model alkyl radical (kd/mol) bond length (A)
Ceo CHs—CH —C,Hs 131.2 1.593
CsoH10 CoHs—CH—C;Hs 142.0 1.606
CeaH20 CoHs—CH'—C;Hs 30.5 1.629
CeoH1o CH;—CH'—(CHp)s— 2255 1.629, 1.628
CH—CHjs

CeoH10—C7H1s” CHy 232.7 1.557
CeoH10—C7H1s™ H* 288.6 1.099

Ny reasonable resufsfor bond lengths, bond angles, and bond
= energies for a wide range of molecules. The computations were

carried out on a super computer using the ab initio quantum
Figure 1. A segment of the (17,0) carbon nanotube showing the chemistry package Gaussiany3.

polycyclic rings of G4Hzo used in model V.

physical deformation in the molten state under conditions of 3- Results and Discussion

extreme shear. For example, in the reported experimental works, - The results of the calculations of adduct binding energies and
the nanotubepolymer mixture is first stretched at or above the newly formed &C bond length for G and various
the melting temperature of the polymer in order to have a panotube models are given in Table 1. The optimized geometry
uniform dispersion of the nanotubes. During this process, of the Gy—CsHys radical (model 1) is presented in Figure 2,
radicals can be generated by carb@arbon bond cleavage. showing the newly formed covalent bond having a bond length
In this work, we will use density functional theory (DFT) to  of 1,593 A. The three €C bonds radiating from the substituted
study the possible chemical bond formation between a model g3 carbon lengthened to 1.55 A. The binding energy of the
polyethylene chain radical and a model nanotube. As thesecomplex is found to be 131.2 kJ/mol. It is to be noted that in
calculations are computationally infeasible on large segments, his work on fluorination of § and nanotubes, Jaffefound
we will use alkyl radicals to represent the polyethylene chain that including polarization functions to the C atom (i.e., using
radical and a segment of a nanotube or model polycyclic 5 6-31G(d) basis set) increases the hinding energy of fluorine
aromatic systems that are constrained to have nonplanaryy ~.38 ki/mol (9 kcal/mol). In fullerene, the localized nature
geometries with curvatures of interest to represent the nanotubesgf the 7 electrons facilitates the reaction.
In our c_alcula_tions, we WiII_use a pentyl rad_ical_ torepresenta  The optimized geometry of thes@H10—CsH11 radical (model
chain _W|th_a smgleT radlcal_sne a_md a heptyl biradical to represent I1) is presented in Figure 3. This has a binding energy of 142.0
a chain with multiple radical sites. kJ/mol. Though carbon nanotubes are expected to be less
reactive than fullerene molecules, the nanotube segment con-
sidered here is of diameter 3.92 A, and as such, it has a high
Four model structures were generated and investigated. Thecurvature. This means the trigonal carbon atoms of the nanotube
first model (model |, Go—CsH11?) was a fullerene having 60  segment are more distorted, and the deformation energy required
carbon atoms and a pentyl radical with an unpaired electron onto change the hybridization of the nanotube C atom frofrtsp
the third carbon atom. This was selected because it wassp’ would be low. As a result, the binding energy is comparable
experimentally known that &g is capable of reacting with alkyl ~ to that of the fullerene complex. The optimized geometry of
radicals. The second model (model llggB10—CsH11%) was a the Gs4H20—CsHy4 radical (model I11) is shown in Figure 4. Here
(5,0) nanotube segment having 60 C atoms with hydrogen atomsthe polycyclic hydrocarbon &Hao represents a zigzag (17,0)
added to the dangling bonds of the perimeter carbons and ananotube with a diameter of 13.2 A. The curvature of this system
pentyl radical as in model I. The third model (model Ill, is fixed by fixing the peripheral C atoms during the optimization
CeaHa0—CsH11*) was a section of a (17,0) nanotube sidewall procedure. The newly formed-€C bond length (1.629 A) is a
consisting of 23 hexagons (as shown in Figure 1) with 20 little longer in comparison to the other models studied here,
hydrogen atoms added to the dangling bonds of the perimeterand the calculated binding energy is only 30.5 kJ/mol. This could
carbons (i.e., gHz0) and a pentyl radical as in model I. This  be due to the low curvature of the (17,0) tube compared to the
nanotube model system is similar to Jaffe’s model. The fourth (5,0) tube. This shows that the strength of the covalent bond
model (model 1V, GoHio—C7H14*) was a (5,0) nanotube  will decrease with the nanotube radii.
segment used in model Il and aki4 biradical with unpaired The optimized geometry of the tripletgfio — C/Hia
electrons on the 2nd and 6th carbon atoms. Geometries of allbiradical (model IV) is presented in Figure 5, which shows two
models were fully optimized using DFT with hybrid functional newly formed covalent bonds with bond lengths of 1.629 and
B3LYP?22-25 and a 3-21G basis s&t,and the atomic spin  1.628 A. This leaves two unpaired electrons on the nanotube,
densities were analyzed by the Mulliken metédhe largest which in principle may pair up or combine with two other
model studied, model I, uses 683 basis functions for the 3-21G polymer chains. We find that the corresponding singlet state
geometry optimization. Further reactions of the model IV had~14 kJ/mol higher in energy than the triplet state. In the
complex radical with a saturated chaigHg; or with another triplet calculation, the Mulliken spin density analysis showed
alkyl radical (CH*) were also investigated by optimizing the that the two unpaired electrons are localized at two different C
appropriate reactants and products at the same level. atoms as shown in Figure 5. Although they are separated as
As the systems considered here are open-shell molecularmuch as possible, because of the small system, there would still
radicals, the unrestricted formalism was used. The present levelbe some repulsion between these electrons. Our calculated total
of calculation, DFT(UB3LYP)/3-21G, is known to produce binding energy is 225.5 kJ/mol. As two new bonds are formed,

2. Methodology
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1.593

Figure 2. DFT(B3LYP)/3-21G-optimized geometry of thed=CsHi1
radical.

1.606

/ /

Figure 3. DFT(B3LYP)/3-21G-optimized geometry of thesdElio—
CsHy; radical.

Figure 4. DFT(B3LYP)/3-21G-optimized geometry of thesElo—
CsHy; radical.

the energy per bond is 112.25 kJ/mol, which is comparable to
the GoH10—CsHa1 binding energy. This suggests that, depending

on the radical sites on the polymer chains, many covalent bonds

may form with the nanotube at multiple sites. However, the

steric hindrance between the polymer chains that attach to the

nanotube will limit the process.

The reaction of the biradical (Model 1V) with either a gH
radical or an M is energetically favorable. The optimized
geometry of the gH10—C7H14—CHjs radical showing three
covalent bonds with the nanotube is given in Figure 6. The
calculated binding energy of the Glfadical to the biradical is
232.7 kd/mol, which is much higher than the binding energy of
the GHj; radical to the nanotube segmengo&io. This is
because, in the latter, one of the bonds of the nanotube
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Figure 5. DFT(B3LYP)/3-21G-optimized geometry of thesdlio—

C7H14 biradical.
\f 1.557

1.625 1.631

Figure 6. DFT(B3LYP)/3-21G-optimized geometry of thesdEli0—
C;H14—CHs radical.

an H only requires the deformation of a%garbon into a sp
carbon as it is a combination reaction.

Upon examination of the reactions of theoB10—C7/Hi4
biradical with a saturated polymer chainHi,, we find that
the abstraction of either a hydrogen atom frosHg, leaving
a GHs; radical in the reaction mixture, or a GHadical that
leads to the formation of §ggH;0—C7;H14—CHs radical, leaving
C4Hq radical in the mixture, are not energetically favorable, as
the products have high energy 150 kJ/mol) compared to the
reactants.

The above calculations on model systems shows that a
polyethylene chain having radicals may form stronger covalent
bonds with smaller diameter nanotubes. Hence, as stated in
section 1, polyethylene may be reinforced by nanotubes using
free-radical generators such as peroxide.

The commonly used experimental methb#fto incorporate
carbon nanotubes into a polymer matrix are direct mixing, in
situ polymerization, solution mixing, and melt processing.
Except the first one, the other three can be used for thermoplastic
polymers. In Tang et al.’s wofkon carbon nanotubes/HDPE,
the melt-processing method was used. Polyethylene resins are
generally produced by free-radical polymerization. Therefore,
adding nanotubes in the in situ polymerization may also
reinforce the polymer due to the possible formation of covalent
bonds between the nanotubes and the growing polymer chains
in the reaction mixture.

4. Conclusion

segment has to open up and a trigonal carbon should change

into a tetrahedral carbon in order to form the newCbond,
whereas the reaction of biradical with either a {#dical or

We have demonstrated that (i) covalent bond formation
between alkyl radicals and carbon nanotubes is energetically
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favorable, (ii) the reaction may take place at multiple sites of
nanotubes, and (iii) the reaction is more favorable with tubes
of a small diameter. As alkyl radicals are good representatives
of polyethylene chain radicals, it may be possible to form
multiple covalent bonds between polyethylene chain radicals
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and nanotubes. Hence one way to improve the load transfer of> 723

carbon nanotube/HDPE composite via chemical bonds at the
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interface is to use free-radical generators such as peroxide orChem. B1999 103 4318.

incorporate nanotubes in the in situ polymerization. The latter
offers a direct guideline based on an established free-radical
polymerization scheme for making composites with strong

carbon nanotubepolyethylene interfaces and high-stress trans-

fer ability.
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