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Abstract Effective utilization of carbon nanotubes (CNTs) as reinforcements in
composites necessitates good interfacial bonding with the surround matrix mate-
rial. The covalent functionalization of CNTs is an effective method to enhance this
bonding. However, covalent bonds introduced by a functional group may alter the
pristine structure of the CNT and lower its mechanical properties. Here we study
the effect of hydrogen (–H), hydroxyl (–OH), carboxyl (–COOH), and amine
(–NH2) functionalization on Young’s modulus of a single-wall CNT (SWCNT)
using molecular mechanics (MM) simulations with the MM3 potential and the
software TINKER. Both pristine and functionalized SWCNTs have been deformed
in simple tension. From the strain energy of deformation vs. the axial strain curves,
the value of Young’s modulus has been derived as a function of the functionali-
zation group and the amount of functionalization. It is found that Young’s modulus
decreases by about 30 % with 20 % of functionalization, the reduction is essen-
tially proportional to the increase in the percentage of the functionalization
material and is nearly the same for each of the four functional groups studied.
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1 Introduction

Researchers have employed experimental, analytical, density functional theory
(DFT), molecular dynamics (MD) and molecular mechanics (MM) simulations to
predict mechanical properties of carbon nanotubes (CNTs). Assuming that the wall
thickness of a single-wall CNT (SWCNT) can be approximated as 0.34 nm, Treacy
et al. (1996), Wong et al. (1997), and Krishnan et al. (1998) experimentally
determined that Young’s modulus of a CNT is in terapascal (TPa) range. Xing et al.
(2004) employed MD simulations to predict Young’s modulus of a SWCNT. Li and
Chou (2003) computed elastic properties of CNTs using a combined structural
mechanics and MM approach. Chang and Gao (2003) investigated size dependent
elastic properties of SWCNTs through MM simulations. Sears and Batra (2004)
determined the wall thickness, Young’s modulus, and Poisson’s ratio of CNTs
using MM simulation with the MM3 potential and the software TINKER. They
assumed that the response of a SWCNT in simple tension is energetically equiv-
alent to that of a thin cylinder made of an isotropic and homogeneous material.
Furthermore, the wall thickness of the cylinder equals that of the SWCNT. They
found the wall thickness and Young’s modulus of a SWCNT to be 0.046 nm and
7.26 TPa, respectively. Shen and Li (2004) used MM potential and energy equiv-
alent principle to determine values of five elastic constants of a CNT assuming the
CNT as a transversely isotropic material with the centroidal axis of the tube as the
axis of transverse isotropy. Batra and Sears (2007) proposed that the axis of
transverse isotropy of a CNT is a radial line rather than the centroidal axis. By
studying with the MM simulations radial expansion of a SWCNT, they showed that
Young’s modulus in the radial direction is about 1/4th of that in the axial direction.
Gupta and Batra (2008), Batra and Gupta (2008) predicted the wall thickness and
the material moduli of a SWCNT by matching frequencies of bending, axial and
torsional vibrations as well as that of radial breathing modes of a free–free SWCNT
with those of the continuous cylinder of the same length and mean radius as the
SWCNT. Wu et al. (2008) developed an atomistic based finite deformation shell
theory for a SWCNT and found its stiffness in tension, bending, and torsion.

The SWCNTs due to their cylindrical shape, large length to diameter ratio, and
high specific properties are potential candidates as reinforcements in composites.
However, the effectiveness of SWCNTs as reinforcements depends on their uni-
form dispersion in and strong adhesion with the surrounding matrix. It has been
very challenging to simultaneously meet these two requirements. The function-
alization of SWCNTs appears to be an effective means of achieving good bonding
between SWCNTs and the surrounding matrix. The surface properties of CNTs
can be modified by either physical or chemical functionalization. The physical
functionalization is achieved by attaching noncovalent groups, such as polymer,
peptides or surfactants to the nanotubes. It is advantageous since it does not alter
the pristine structure of nanotubes hence the mechanical properties of CNTs are
not affected. However, these functional groups are attached to nanotubes with
weak van der Waals interactions resulting in low load transfer efficiency between

112 P. H. Shah and R. C. Batra



the nanotube and the matrix. In comparison, the chemical functionalization
involving the covalent attachment of functional groups to atoms of CNTs provides
relatively strong interfacial bonding between CNTs and the surrounding matrix
thereby enhancing the load transfer efficiency. Haddon et al. used the nanotube-
bound carboxylic acid groups for attaching long alkyl chains to SWCNTs via
amide linkages (Chen et al. 1998; Hamon et al. 1999; Niyogi et al. 2001) and via
carboxylate-ammonium salt ionic interactions (Chen et al. 2001). Khare et al.
(2002) developed hydrogenated CNTs using electric discharge. Sun et al. showed
that the esterification of the carboxylic acid groups could also be used to func-
tionalize and solubilize nanotubes of any length (Riggs et al. 2000; Sun et al. 2001;
Fu et al. 2001). Wilson et al. illustrated the use of anilines to functionalize
nanotubes (Sun et al. 2001). Grujicic et al. (2006) investigated the effect of
covalent functionalization of triple-walled CNTs on the efficiency of matrix-
nanotube load transfer. Their results reveal that the covalent functionalization
improves the load transfer efficiency especially when loads are applied in a
direction orthogonal to the axis of the CNT. Experimental works (Cooper et al.
2002; Barber et al. 2003; Shofner et al. 2006; Buffa et al. 2007; Sun et al. 2008)
have demonstrated the effectiveness of covalent functionalization in increasing the
interfacial bonding strength between CNTs and polymer chains.

Although chemical functionalization is effective in enhancing the binding of
CNTs with the surrounding matrix, it may damage the pristine structure of a CNT
due to the introduction of covalent bonds, and reduce the mechanical stiffness of
the CNT. Much of the research work dealing with the determination of Young’s
modulus and other elastic properties of CNTs has considered pristine CNTs. Since
the covalently functionalized CNTs would be better candidates for reinforcements
in a composite than the pristine CNTs, it is important to determine the effect of
covalent functionalization on Young’s modulus of a CNT. Zhang et al. (2008) used
atomistic simulations to analyze mechanical properties of hydrogenated SWCNTs
and found a decrease in Young’s modulus, strength, and ductility of the CNTs with
an increase in the percentage of C–H bonds. Kuang and He (2009) computed
Young’s moduli of vinyl functionalized SWCNTs using MM simulations with the
condense-phase optimized molecular potential for atomistic simulation studies
(COMPASS) force field and found that Young’s modulus depends on the density
of the sp3 hybridized carbon atoms and chirality of the CNTs. Up to 33 %
reduction in Young’s modulus was observed in their study with 38 % content of
the functionalizing material. Ling et al. (2012) predicted Young’s modulus of
functionalized CNTs using MM and MD simulations with the COMPASS force
field and observed that Young’s modulus depends on the type of functionalizing
material and the amount of functionalization. Recently, Milowska and Majewski
(2013) studied effect of different functional groups on elastic properties of func-
tionalized CNTs using DFT calculations. Their results showed that an increase in
amount of covalently bound material to the wall of a CNT decreases Young’s,
shear and bulk moduli. Here we have considered four functional groups namely,
hydrogen (–H), hydroxyl (–OH), carboxyl (–COOH), and amine (–NH2) and
compared their effects on the modulus of elasticity of a SWCNT with varying
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percentage of functionalization. The study has been carried out using MM simu-
lations with the freely available software TINKER (Ponder 2000).

2 Molecular Mechanics Simulations

2.1 Force-Field

The MM3 potential (Allinger et al. 1989) with higher order expansions and cross-
terms has been used to model interatomic interactions. This potential is suitable for
studying deformations of CNTs because of similarities between sp2 bonds in the
hexagonal structure of CNTs and the hexagonal structure of aromatic proteins for
which the potential was originally developed. This potential describes the energy
of the system as summation of the energies due to bonded and non-bonded
interactions. The contributions for bonded interactions come from bond stretching
ðUsÞ; in-plane angle bending ðUhÞ; out of plane bending ðUcÞ; torsion ðU/Þ; and
cross-interactions including stretch-bend ðUsbÞ; angle–angle ðUhh0 Þ and stretch-
torsion ðUs/Þ. The non-bonded interactions are van der Waals ðUvdWÞ and dipole–
dipole electrostatic ðUll0 Þ. Equation (1) gives expressions for these energies.

Us ¼ 71:94Ksðr � r0Þ2½1� 2:55ðr � r0Þ þ
7

12
2:552ðr � r0Þ2�

Uh ¼ 0:0219Khðh� h0Þ2 � ½1� 0:014ðh� h0Þ þ 5:6ð10�5Þðh� h0Þ2

� 7:0ð10�7Þðh� h0Þ3 þ 2:2ð10�8Þðh� h0Þ4�
Uc ¼ 0:0219Kcc

2 � ½1� 0:014cþ 5:6ð10�5Þc2 � 7:0ð10�7Þc3 þ 2:2ð10�8Þc4�
U/ ¼ V1=2ð Þ 1 þ cos /ð Þ þ V2=2ð Þ 1 þ cos 2/ð Þ V3=2ð Þ 1 þ cos 3/ð Þ
Ush ¼ 2:511Ksh½ðr � r0Þ þ ðr0 � r00Þ�ðh� h0Þ

Uhh0 ¼ �0:021914Khh0 h � h0ð Þ h0 � h00
� �

Us/ ¼ �5:9975Ks/ðr � r0Þð1þ cos 3/Þ

UvdW ¼ e �2:25 rv=rð Þ6þ 1:84 105
� �

exp �12:00 rv=rð Þf g
h i

Ull0 ¼
14:3928½ll0ðcos v� 3 cos a cos a0Þ�

R3D
ð1Þ

Parameters r, h and / in Eq. (1) are shown in Fig. 1. Variable c is the angle
between the plane and one of the bonds. A subscript, 0, on a variable represents its
value in the configuration of minimum potential energy. Variables l and l0are
bond centered dipole moments, v is the angle between two dipoles, a and a0 are
angles made by two dipoles with the line connecting their centers, and R is the
distance between their centers. The values of constants Ks, Kh, Kc; K 0hh;V1;V2;

V3;Ksh;Ks/; e; rvand D given by Ponder (2000) are used in this work.
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2.2 Modeling of Functionalized SWCNTs

Functionalization of a zigzag (10, 0) finite length SWCNT of aspect ratio 12 has
been considered as a model problem. The molecular structure of a functionalized
SWCNT can be obtained from topologies of the pristine SWCNT and the func-
tional group. In order to obtain the relaxed configuration of the SWCNT we
minimize its potential energy by using the steepest decent algorithm with the root
mean square (rms) gradient of 0.001. The diameter and the length of the relaxed
tube are found to be 7.44 Å and 87.75 Å, respectively. The functional group is then
positioned adjacent to a carbon atom of the relaxed CNT and the potential energy
of the structure is minimized to obtain the relaxed configuration of the function-
alized CNT. Note that the introduction of covalent bonds at the functional sites
alters the hybridization of the affected carbon atoms from sp2 to sp3. The per-
centage of functionalization is defined as the ratio of the number of carbon atoms
to which atoms of a functional group are attached to the total number of carbon
atoms in the CNT. Four different functionalized CNTs have been studied with
hydrogen, hydroxyl, carboxyl, and amine as the functionalizing groups. The car-
bon atoms to which a functional group is attached are randomly selected but the
same set of atoms is used in each of the functionalized CNT for maintaining
consistency in the numerical experiments. Figure 2 depicts schematics of the
functional groups attached to a carbon atom of the CNT. The atoms in white, red,
and blue color represent hydrogen, oxygen, and nitrogen atoms, respectively. It
should be clear from sketches displayed in the figure that the covalent bond
between the carbon atom and a functional group pulls out the carbon atom radially
resulting in the distortion of the CNT at the functional site. The SWCNTs func-
tionalized with these groups are schematically shown in Fig. 3.

2.3 Virtual Simple Tension Experiments

While conducting virtual tension tests on the pristine and the functionalized
SWCNT, its ends are left open and not saturated with hydrogen atoms which may
change the bonding structure at the ends and lead to end effects. Furthermore,
carbon atoms one diameter away from each end are fixed during simulations. The

Fig. 1 Definitions of three
molecular mechanics
variables (Sears and Batra
2004)
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nanotubes are gradually deformed in tension and compression by a total of 3 %
axial strain. After each displacement increment applied to atoms near the end faces,
the tubes are allowed to equilibrate by minimizing their potential energies. The
energy required to deform the tube equals its strain energy. The strain energy
density is computed by dividing the strain energy by the volume of the CNT which
is taken equal to that of a continuum cylinder of length and diameter equal to those

Fig. 2 Schematics of a
carbon atom of the CNT
attached with a hydrogen
(–H) b hydroxyl (–OH),
c carboxyl (–COOH), and
d amine (–NH2) groups
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of the relaxed pristine SWCNT and thickness equal to 0.34 nm. A polynomial
through the data points is fitted by the least squares method. The first and the second
derivatives of the strain energy density with respect to the axial strain yield the
corresponding axial stress and Young’s modulus, respectively. This procedure is the
same as that used by Sears and Batra (2004) to find Young’s modulus of a SWCNT.

3 Numerical Results

3.1 Validation of the Functionalization

In the relaxed configuration of the functionalized CNTs, the equilibrium bond
length between the carbon atoms of the CNT and the adjoining atoms of the
functional group, if present, has been computed from the equilibrated configura-
tions. The C–H bond length in the hydrogen functionalized CNT is found to be
1.11, which agrees well with that (1.11) in the modified orthogonal tight binding
model (Volpe and Cleri 2003) as well as the 1.12 given by the DFT calculations
(Letardi et al. 2002). Methanol (CH3OH), acetic acid (CH3COOH), and amino

Fig. 3 Schematics of a (10, 0) SWCNT functionalized with 20 % a hydrogen (–H), b hydroxyl
(–OH), c carboxyl (–COOH), and d amine (–NH2) groups
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methane (CH3NH2) are simple structures representing covalent bonds between a
sp3 hybridized carbon and hydroxyl, carboxyl, and amine functional group,
respectively. These structures can be generated using simplified molecular-input
line-entry system (SMILES) specification (Weininger 1988; Weininger et al. 1989)
as shown in Fig. 4. In order to validate the functionalization of the CNTs with
hydroxyl, carboxyl, and amine groups, the bond angles and bond lengths of the
functional groups in the relaxed configuration of the functionalized CNTs have
been measured and compared with those in methanol, acetic acid and amino
methane. In Tables 1, 2 and 3, we have listed values of these parameters for
hydroxyl, carboxyl, and amine groups, respectively. It is evident that there is good
agreement between the two sets of values.

3.2 Analysis of Relaxed Configurations

The number of iterations required in the steepest descent method to minimize
potential energies of –H, –OH, –COOH and –NH2 functionalized CNTs is plotted

Table 2 Values of geometric
parameters in the carboxyl
group

Acetic acid CNT–COOH

C–O–H angle (degrees) 107.39 107.6
R–C–O angle (degrees) 112.04 111.89
R–C = O angle (degrees) 126.04 126.27
C–O length (Å) 1.35 1.35
C = O length (Å) 1.2 1.21
O–H length (Å) 0.97 0.97
R–C length (Å) 1.5 1.53

Note R denotes sp3 hybridized carbon atom

Fig. 4 Structures of
a methanol, b acetic acid, and
c amino methane generated
using SMILES

Table 1 Values of
geometric parameters in the
hydroxyl group

Methanol CNT–OH

R–O–H angle (degrees) 108.13 109.18
R–O length (Å) 1.43 1.43
O–H length (Å) 0.95 0.95

Note R denotes sp3 hybridized carbon atom
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in Figs. 5a, b and 6a, b respectively. Note that 0 % functionalization represents the
pristine CNT. It can be observed from results depicted in Fig. 5a that when the
CNT is functionalized with hydrogen, the potential energy of the relaxed func-
tionalized structure is less than that of the relaxed pristine CNT, and this difference
increases with an increase in the percentage of functionalization. It is because the
functionalization breaks the pi-bond of the sp3 hybridized carbon atoms and
changes the atom type from alkene to the more stable alkane. Similar character-
istics are observed with the hydroxyl and the amine functionalization while the
potential energy curves for the carboxyl functionalized CNTs do not exhibit the
same behavior due to the presence of double bonds in the –COOH group.

In Fig. 7a we have presented the contribution from each energy term of the
MM3 potential to the total potential energies of the pristine CNT for the hydrogen
functionalized CNTs in their relaxed configurations. These have been normalized
with respect to corresponding energies of the relaxed pristine CNT.

It can be observed from results included in the figure that the sum of the
energies associated with the torsional and Van der Waals interactions are about
90 % of the total potential energy of the pristine CNT. The functionalization
reduces these components of energies, thereby reducing the total potential energy
and the reduction increases with an increase in the percentage of functionalization.
Similar results for hydroxyl, carboxyl and amine functionalized CNTs are pre-
sented in Figs. 7a, b and 8a, b. Here, small effect of the electrostatic interactions
has been observed on the total potential energies of the CNTs because of the
presence of dipole moments in these functional groups. For the carboxyl func-
tionalized SWCNT, the potential energy is not a monotonically increasing function
of the amount of functionalization.

3.3 Results from Virtual Experiments

In the calculation of Young’s modulus, as stated above, the thickness of a SWCNT
is assumed to be 0.34 nm. The variation of the computed strain energy density
with the axial strain for the pristine CNT is shown in Fig. 9. The third order
polynomial fit to the strain energy density of the pristine CNT vs. the axial strain
data with the regression coefficient of 1.0 is

Table 3 Values of geometric
parameters in the amine
group

Amino methane CNT–NH2

H–N–H bond angle (degrees) 106.35 106.09
R–N–H bond angle (degrees) 112.35 113.29
Dihedral angle between

two R–N–H planes
119.78 121.38

N–H bond length (Å) 1.01 1.01
R–N bond length (Å) 1.46 1.46

Note R denotes sp3 hybridized carbon atom
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Wv ¼ �7:46 1011
� �

e3 þ 5:03 1011
� �

e2 þ 5:62 105
� �

e ð2Þ

where Wv is the strain energy density in J/m3 and e is the nominal axial strain.
Thus, expressions for the axial stress and the modulus of elasticity E in Pa are

r ¼ �2:24 1012
� �

e2 þ 1:101 1012
� �

e þ 5:62 105
� �

ð3Þ

E ¼ �4:48 1012
� �

e þ 1:01 1012
� �

ð4Þ

Fig. 5 For four different percentages of functionalization, minimization of the potential energies
of a SWCNT functionalized with a –H, b –OH
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The modulus of elasticity at zero axial strain equals 1.01 TPa. It compares well
with that reported in the literature (Treacy et al. 1996; Wong et al. 1997; Krishnan
et al. 1998). For the hydrogen functionalized CNT, the strain energy vs. the axial
strain variation and the axial stress-axial strain curves for different percentages of
functionalization are shown in Fig. 10a, b, respectively.

Fig. 6 For four different percentages of functionalization, minimization of the potential energies
of a SWCNT the functionalized with a –COOH, and b –NH2 groups
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In computing the strain energy density, the volume of the functionalized CNT is
taken equal to that of the pristine CNT. These plots reveal that the functionali-
zation reduces the strain energy of deformation, and the slope (hence the modulus
of elasticity) of the stress–strain curve for the functionalized tube is less than that

Fig. 7 Break down of total potential energy, U, in the individual energy components for the
relaxed configurations of a hydrogen, b hydroxyl, functionalized CNTs with percentage of
functionalization varying from 0 to 20 %
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of the pristine tube. Moreover, the modulus of elasticity decreases with an increase
in the percentage of functionalization. This reduction in the modulus of elasticity
could be due to the non-uniformities in the nanotube structure introduced by the

Fig. 8 Break down of total potential energy, U, in the individual energy components for the
relaxed configurations of a carboxyl, and b amine functionalized CNTs with percentage of
functionalization varying from 0 to 20 %
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functionalization that lead to localized deformation at the functional sites. Similar
results for hydroxyl, carboxyl, and amine groups are exhibited in Figs. 11, 12 and
13, respectively.

Values of Young’s modulus of the functionalized CNTs for different percent-
ages of functionalization listed in Table 4 suggest that they do not depend much
upon the functionalization agent.

In Table 5, we have summarized similar results reported in the literature
obtained using various computational methods and force fields along with the
major results of the present study. It should be clear from the summary provided in
Table 5 that the present results agree with those of other researchers. To better
understand the effect of functionalization on Young’s modulus, the strain energies
of the deformation in the tension tests of the pristine and the functionalized CNTs
have been obtained in terms of their bonded and non-bonded energy components.
In Figs. 14a, b and 15a, b we have depicted the contribution of individual energy
terms to the total reduction in the strain energy of deformation due to hydrogen,
hydroxyl, carboxyl, and amine functionalization, respectively. These values have
been normalized with respect to those of the pristine CNT. These results indicate
that the functionalization reduces the strain energies associated with bond-
stretching and angle bending and increases the strain energies due to torsional,
stretch-bend, and van der Waals interactions. The resulting effect is net reduction
in strain energy and the reduction is proportional to the amount of functionalizing
material attached to the wall of the CNT. Various components of the strain energy
for 20 % of functionalization are plotted in Fig. 16. It can be concluded from these
results that the type of functional group is found to have significant effect on strain

Fig. 9 Strain energy density of the pristine SWCNT vs. the axial strain computed using the
MM3 potential
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Fig. 10 a Variation of the strain energy per atom with axial strain, and b axial stress-axial strain
curves of –H functionalized SWCNT with the percentage of functionalization varied from 5 to
20 %
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Fig. 11 a Variation of the strain energy per atom with axial strain, and b axial stress-axial strain
curves of –OH functionalized SWCNT with the percentage of functionalization varied from 5 to
20 %
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Fig. 12 a Variation of the strain energy per atom with axial strain, and b axial stress-axial strain
curves of –COOH functionalized SWCNT with the percentage of functionalization varied from 5
to 20 %
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Fig. 13 a Variation of the strain energy per atom with axial strain, and b axial stress-axial
strain curves of –NH2 functionalized SWCNT with the percentage of functionalization varied
from 5 to 20 %

Table 4 Young’s modulus of the SWCNT functionalized with different groups

Modulus of elasticity (TPa)

% of functionalization With hydrogen With hydroxyl With carboxyl With amine

0 1.01 1.01 1.01 1.01
5 0.91 0.91 0.91 0.91

10 0.82 0.81 0.80 0.82
15 0.76 0.75 0.72 0.74
20 0.70 0.69 0.67 0.66

Note 0 % functionalization represents the pristine CNT
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Fig. 14 Break down of the total strain energy of deformation into the individual energy
components for a hydrogen, b hydroxyl, functionalized CNTs with percentage of functional-
ization varying from 0 to 20 %
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Fig. 15 Break down of the total strain energy of deformation into the individual energy
components for a carboxyl, and b amine functionalized CNTs with percentage of functional-
ization varying from 0 to 20 %
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energies associated with bond stretching and bond angle bending compared to
other energy components but the same net effect is obtained for all functional
groups considered here.

4 Conclusions

We have studied the effect of covalent functionalization on Young’s modulus of a
SWCNT. The functionalization localizes deformations of the CNT at the func-
tionalized sites, which decreases the modulus of elasticity and this reduction
increases with an increase in the percentage of functionalization. The type of
functional group is found to have negligible effect on the value of Young’s
modulus of the functionalized SWCNT. Approximately 30 % reduction in the
value of Young’s modulus of the pristine CNT occurs for 20 % of
functionalization.
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Fig. 16 Break down of the total strain energy of deformation into the individual energy
components for the CNTs functionalized (20 %) with different functional groups
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