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ABSTRACT

Carbon nanotubes (CNTs) are capable to absorb and encap-
sulate some molecules to create new hybrid nano-structures pro-
viding a variety of functionally useful properties. CNTs function-
alized by encapsulaitng single-stranded deoxy-ribonucleic acid
(ssDNA) promise great potentials for applications in nanotech-
nology and nano-biotechnology. In this paper, buckling insta-
bility of ssDNA@CNT i.e. hybrid nano-structure composed of
ssDNA encapsulated inside CNT has been investigated using the
nonlocal elasticity theory. The nonlocal elasticity theory is ca-
pable to capture the small scale effects due to the discontinuity
of nano-structures at atomic scales. The nonlocal elastic rod
and shell equations are derived for modeling ssDNA and CNT
respectively. Providing numerical examples, it is predicted that,
ssDNA@(10,10) CNT is more resistant than the pristine (10,10)
CNT against the buckling instability under radial pressure due
to the inter-atomic van der Waals interactions between DNA and
CNT. Furthermore, nonlocal elasticity theory predicts lower crit-
ical buckling pressure than does the local elasticity theory.

1. INTRODUCTION

Carbon nanotubes (CNTs) are 4™ allotrope of carbon with
a graphitic hexagonal lattice [1] and since CNTs have hollow
cylindrical shape, they are capable to absorb and encapsulate
atoms and small molecules [2] and nano-structures such as Cg
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fullerenes [3], linear carbon chain (C-chain) [4] and single-
stranded DNA (ss-DNA) [5, 6]. The inter-atomic van der Waals
(vdW) interaction between encapsulated material and CNT plays
the main role in the insertion and encapsulation process [6, 7].
Encapsulation is one of the alternative ways for “functionaliza-
tion” of CNT by creating a new hybrid nano-structure. In partic-
ular, encapsulation alters the physical, electrical and mechanical
characteristics of CNT [6, 8, 9] providing for new functional ca-
pabilities. Carbon nanotubes functionalized with other materials,
specially biological species have been developed for biomedi-
cal and biotechnological applications, including drug delivery,
enzyme immobilization and DNA transfection [6], for applica-
tions in manufacturing of nano-electronic devices [10], probes
and sensors [6, 11] and for applications in nano-robotics [12].
In many of these applications, the functionalized CNTs are sub-
jected to mechanical loading. The molecular dynamic (MD) sim-
ulations predicts that carbon nanotubes and their hybrid nano-
structures are highly elastic [13] and buckle under high stress
for various mechanical loading scenarios, such as axial compres-
sion [14], torsional moment [15], external radial pressure [16]
and bending moment [17]. Analysis of how encapsulation al-
ters the buckling behavior has gained recent attention in the fast-
growing research field of functionalized CNTs. For example,
the encapsulation of Cgq fullerenes inside (10,10) CNT, which
occurs spontaneously results in a hybrid nano-structure that is
more resistant to buckling than is the pristine CNT as predicted
by both MD simulations and continuum theory [13-15, 17-19].
Similar behavior has been predicted from MD simulations and
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continuum theory for nanowires, which are hybrid nano-structure
with C-Chains encapsulated into CNT, under various mechanical
loading scenarios [20,21].

Although MD simulations are suitable for investigating the
mechanical characteristics of nano-structures, they are time-
consuming and computationally expensive for large-sized sys-
tems. Continuum theories on the other hand have recently pro-
vided very efficient tools to simulate and analyze the dynamics
of several nano-structures. For example, the models of CNT
based on shell theory successfully predict their dynamic behav-
ior in deformation including onset of buckling instability un-
der axial loading [22, 23], uniform external pressure [24], bend-
ing [25] and torsional moments [26]. Likewise, thin filament
models based on elastic rod theory are evolving to simulate bend-
ing and twisting deformations of DNA [27-29] including loop-
ing [30-33] and supercoiling due to torsional buckling [34,35].

While most of the continuum models make simplistic
course-grained approximations, efforts are underway to develop
methods for deriving constitutive laws for continuum approxi-
mations directly from MD simulations [36-39]. In several nano-
structure applications, however, the spacing between atoms can
be significant relative to the length scale of deformation of inter-
est. Hence, the conventional continuum theories that are based
on the philosophy of the structural continuity can still be in-
accurate. The “nonlocal elasticity theory” introduced by Erin-
gen [40,41] overcomes this inaccuracy by taking the small scale
effects of the structural discontinuity into account empirically in
the constitutive law. The continuum models of CNTs based on
nonlocal elasticity are therefore more accurate [42—45] than the
conventional local elasticity theory. The nonlocal elastic shell
model has been used for CNTs to analyze buckling instability
under radial pressure [46], axial loading [47], and torsional mo-
ment [48], and to analyze thermal buckling instability [49], vi-
bration behavior [50] and the wave propagation [51]. It is note-
worthy that nonlocal elasticity predicts less resistance to buck-
ling than does the local elasticity [18,19,45,46,48,49].

In this paper, we employ the nonlocal elasticity theory to
investigate the buckling instability of a special type of hybrid
nano-structure ssDNA@SWCNT, which is single-walled carbon
nanotube (SWCNT) encapsulated with a single-stranded deoxy-
ribonucleic acid (ssDNA). Section 2 begins with reviewing the
nonlocal elasticity theory and the nonlocal shell model that we
use for SWCNT. We next introduce the nonlocal elastic rod
model for ssDNA in Section 2. In section 3, we derive the contin-
uum representation for atomic interaction between encapsulated
ssDNA and SWCNT as distributed force on ssDNA and internal
vdW pressure on SWCNT. Then we substitute these force and
pressure interactions in nonlocal shell and rod models described
in section 2 to derive naturally coupled equations governing the
stability of sSDNA@CNT in section 4. Then we use the gov-
erning equations to investigate the buckling of the hybrid nano-
structure under uniform external radial pressure. We also derive

eigen-value formulation to calculate the critical pressure for the
onset of radial buckling in terms of all axial and circumferen-
tial buckling modes. In section 5, we present results illustrating
the applicability of the nonlocal models for predicting the crit-
ical pressure for special hybrid ssDNA@(10,10) CNT and also
the effect of encapsulated ssDNA in the hybrid nano-structure
compared with pristine (10,10) CNT, and finally we verify the
predictions of our model with existing results based on MD sim-
ulations and continuum theory in similar phenomena for other
categories of hybrid nano-structures such as one specific nano-
peadpod (Cep@(10,10) SWCNT) [13-15, 17-19] and also (5,5)
and (0,9) nanowires [20,21].

2. NONLOCAL ELASTIC MODELS
2.1. Constitutive Law in Nonlocal Elasticity Theory
In the conventional theory of local elasticity, the stress ten-
sor ¢ at a material point x of a continuous body is a function
of the strain tensor € at that point x only and has no explicit de-
pendence on neighboring material points i.e.“nonlocal points”.
This assumption breaks down at the length scales of inherent dis-
creteness of nano-structures. This discrepancy is circumvented
in the nonlocal elasticity theory introduced by Eringen [40,41],
in which stress tensor ¢ at a material point explicitly depends
on to strain tensor field € not only at that point but also at the
surrounding points in the body Q with appropriate weight distri-
bution. The constitutive equation for nonlocal elasticity theory
has been suggested by Eringen [41] in the integral form as:

o (x) :///Qr(|x’_x|,r) C:e(x)dv. (1)

Here, ['(|x' — x|, 7) is weight distribution, also called nonlocal
modulus and |x’ — x| is the distance between a local point x and
a nonlocal point x'. C denotes the fourth order elasticity tensor
and the colon “:” in C : € stands for double contraction. Also
T = epa/l, where a is the internal characteristic length (e.g. bond
lengths), [ is the external characteristic length (e.g. structural
length), and ep as a material parameter empirically determined
for a nanostructure to make an agreement between experimental
measurements and continuum model predictions [41,42,49,51].
By assuming appropriate I', Eringen developed the differential
form of nonlocal constitutive equation based on integral form in
Eqn. (1) as [41,49]:

(1-1n*V})o=C:¢, )

where 1 = Tl = epa is referred to as the small scale coeffi-
cient [49,51] and V? is the Laplacian operator. Recognizing that
V ~ 1/, note that when the internal characteristic length is negli-
gible with respect to the external characteristic length, i.e. when
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FIGURE 1. Schematic of Rod-Shell model for ssDNA @SWCNT.

1/l — 0, the nonlocal constitutive law Eqn. (2) approaches the
familiar constitutive law in local elasticity theory 6 = C: €.

2.2. Nonlocal Elastic Shell Model

This section reviews the Donnell’s nonlocal shell model that
is extensively developed in [19,46,49]. Consider a hollow cylin-
drical shell with length L, mean radius R and thickness % as
shown in Fig. 1. Let (x,0,r) be the axial, circumferential and
radial coordinates of any material point of the shell in the refer-
ence configuration and u = (u1,u,u3) be the displacement field
of the shell along these coordinates. Based on the Donnell’s as-
sumptions for thin shells, u is given by [52]:

u u(x,0)— (r—R)%—V;
u=quw =19 v(x,0)— £ %V ) 3)
u3 w(x,0)

where (u,v,w) denotes displacement field of the mid-surface i.e.
cylindrical surface at » = R in Fig. 1.

The radial normal stress o, is neglected in comparison to Oy
and og. Substituting displacement field given by Eqn. (3) into
&= % (ui,j+uj;), the components of strain tensor € are obtained
as:

E=Ulx =Uy— (r_R)W,x)m (4a)
upg ve w r—R
gg= 2 == - 4b
0= "p R TR R e (4b)
uie u r—R
%o = +M2,e=?+v,x—27R W6, (40)

where u , = du/dx and so on. From Eqn. (2), the nonlocal con-
stitutive law for isotropic material is

oy £ & +Vveg
(1-m*V?){ 0p p = =Y Ve + € p, )]
Tx6 I%v}’xe

where E is elastic Young’s modulus, V is the Poisson’s ratio and
. 2 2 . .

the Laplacian operator V2> = % + R%%- The axial, circum-

ferential and shearing forces (N, Ng,Nyg) per unit length due to

corresponding stress components are defined as [49]:

Ny R+h/2 | Ox
Nog = / og p dr. (6)
Nyo R=h/2 Tx0

Substituting Eqn. (4) in (5) and the result into (6), we get

Ny ”J""%(Vﬂ +w)
(1-1m2V2){ Ng » =K{ve/R+w/R+Vu, s @)
Nyo @(Hﬁ/R#»V,x)

where K = Eh/(1 — v?) is called the effective axial stiffness.
Similarly, the resultant moments per unit length (M, Mg, M,g)
due to corresponding stress components are defined as [49]:

M, R+h/2 | Ox
Mg :/ op o (r—R)dr. (8)

R—h/2
MxG / Tx0

Substituting Eqn. (4) in (5) and the result into (8), we get

M, W,xx+vw,69/Ra
(1-n*V2){ Mg p =D weo/R*+ Vw5, (9)

M (1-v)

x6 R Wx60,

where D = Eh3/12(1 — v?) is called the effective bending stiff-
ness of the shell [46,49]. The linearized equations of equilibrium
for the shell element in terms of the resultant forces and moments
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per unit length are [52]:

1
Nex+ *Nxe,e =0, (10)
Nyox+Noo =0, 1D

1 0 dw 14 ow
er,x + EQ@r,G + a (Nx8> a <Nx6 89)
d
26

R
10 ow 1 ow
-7 _ i 12
TR 36 (N""ax>+1e (N ax> (12
Ng

_? — Pnet = 07

+

where Q,, and Qg, denote the resultant shearing forces in the
radial direction and p,e; = pexw — pine denotes the net external
pressure on the shell. The rotational equilibrium of shell element
is satisfied when [52]:

1
er =M+ EMGX.Ga (13)

1
Qor = Myg <+ EMe,e- (14)

Substituting Eqns. (13) and (14), Eqn. (12) can be written in
terms of the resultant moments as:

2 1 N,
Myt Moo + 23 Mo.00 + P[] - ;9 — P =0, (15)
where
22 1 92 1 092
¥, 2N. +Ng— — 16
[I=Negat2Me s o5 tNegager (10

is a differential operator [48,49]. Applying the nonlocal elasticity
operator (1 —12V?) to the equilibrium Eqns. (10, 11, 15) and
then substituting the resultant forces and moments from Eqns.
(7) and (9), the equilibrium equations in terms of displacement
field are obtained as:

s w 1—V( V.x@)
K [ OV _o, (17
{u +V—R +vR 5 Ugo + R } (a7
el =V (L, N eV (18)
- —u v v —u =
2 R -,XG XX 06 R2 R ’xe ’
\Y
fD[Wxxxx+ R2 Wxx99+ R4W9999+ RZW”‘GG
2(1—v
+ (Rz )W,xxee]+(1—n2V2)‘P[W} a9
K 1_ sz _O
~% (st 2 ve+ ) = (1= 1°V2) s = 0.

Eliminating u and v from Eqns. (17)-(19), we arrive at the non-
local Donnell’s equilibrium equation for a tubular shell [48,49]:

Eh 0*w
Zoad U
—(1=1n*V3)V*pue = 0.

DV + — N2V VI [w]

(20)

Note that by setting 7 — 0, i.e. ignoring the small scale effects,
Eqn. (20) will approach the well-known classical Donnell’s shell
stability equation.

2.3. Nonlocal Elastic Rod Model

Consider a circular rod with length L and radius R; as Fig
1. The Rod model can sustain axial force F, shearing forces
(Ny,N;) , bending moments (M, M;) about both transverse y and
z directions and also torsional moment M, about x direction. Let
uy = (u),u3,u3) be displacement field of a point (x,y,z) on the
rod. Based on the Euler-Bernoulli beam theory, the displacement
field for a rod is given by

uél ( ) + y dvy —z d(‘i‘}xd
u q = va(x ( ) , 21
g wa(x)

where (u4,v4,wy) is the displacement field of the rod’s center-
line. Force balance in static equilibrium of a rod element yields

Fi(x+dx) — Fx(x) — frdx =0, (22a)
dvy dvg
N,(x+dx)+<F> —Ny(x) — <F> + fdx =0,
’ " dx x+dx ’ " dx X '
(22b)
N, (x + dx) + (F dwd) ~N,(x) — (F dwd) + fdr=0
dx x+dx ) dx X ) 7
(22¢)
and the moment balance yields
M, (x+dx) —M,(x) =0, (23a)
My (x+dx) — M, (x) — N, dx =0, (23b)
M, (x+dx) — M (x) — N,dx =0, (23c)

where (fx, fy, f;) are the external distributed forces on the rod per
unit length. We assume f; to be negligible in comparison to f;
and f; so that F is constant. Then, Eqns. (22, 23) reduce to

% M. 0?2 ;]
&ﬂ{j+ﬂwﬂw%{A‘“ @9
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Nonlocal constitutive equation from Eqn. (2) is:
(1-1*V?) 0y = Eq &, (25)

where E; is the Young’s modulus of rod material (i.e. ssDNA),
V2 =d?/dx® and & = uj, = g+ YVa . — DWa e 15 the axial
strain. The resultant bending moments (M,,M;) due to c, over
cross section area of the rod is

M, _ -y
G- f[en o

where A is the cross-section area. Substituting for €, from Eqn.
(21) in constitutive equation (25) and using Eqn. (26) to elimi-
nate o, we arrive at

(1-n°v?) [%y] = —Eq1 K‘;] : 27)
z XX
where
_ |y O _ fAszA 0
= [0 1] - { 0 [P @

is the tensor of 2" moment of the cross section area of the rod,
assuming y and z to be the principal bending directions.

Applying the nonlocal elasticity operator (1 —12V?) to the
equilibrium Eqn. (24) and then substituting the resultant mo-
ments from Eqn. (27), the equilibrium equations in terms of dis-
placement field are obtained as:

4 2 4
—Ed[ d 7 -‘rFX (d Vd —T]2d Vd)

“odx4 dx2? dxt
@ (29)

d*w d?w d*w
(30)

2d2
+<1—n dx2>f2:0.

Note that in this derivation, we ignored the torsional moment M,
which is expected to be negligible for ssDNA in the buckling
analysis of ssSDNA@SWCNT.

3. VAN DER WAALS INTERACTIONS
Consider the hybrid nano-structure (ssDNA@SWCNT)
composed of a single-strand DNA encapsulated inside an

SWCNT with length of L and mid-surface radius R co-axially
as seen in Fig. 1. Let U,;w denote the total vdW potential en-
ergy stored in ssSDNA@SWCNT due to the insertion and encap-
sulation of ssDNA inside SWCNT, which is the sum of all inter-
atomic vdW potential energy between ssDNA and SWCNT. We
assume that U, 4y is only dependent on radial distance, . from
centerline of ssDNA to mid-surface of SWCNT. The Taylor se-
ries expansion of U,,w about the initial configuration of ssDNA
and CNTi.e. r. =Ris

IU,q
Uvaw = Uvaw (R) + aVrW (re—R)+
¢ Ir
3D
2 Jr? R ¢

The equivalent internal vdW pressure distribution p, 4w enforced
on SWCNT due to the encapsulated ssDNA can be obtained as

1 9Uyw
27nRL Odr.

Pvdw = (32)

The change in distance between ssDNA and SWCNT from the
reference configuration can be written as

re—R=w(x,0) —vy(x)cos(0) —wg(x)sin(0),  (33)

recalling that w is the radial displacement of mid-surface points
of SWCNT and (v4,w,) denotes the displacement of ssDNA in
(y,z) directions respectively. Substituting Eqn. (31) and (33) into
(32) up to the first order approximation of displacement terms,
we obtain the equivalent vdW pressure distribution on SWCNT
due to encapsulated ssDNA as

DPvaw = Po — €4 [W(x,0) —vy(x)cos(0) —wy(x)sin(0)], (34)

where po = e 2000 ‘R is the initial vdW pressure on SWCNT

2
Jendequation and ¢; = Znﬁ J gr‘glw ’ is the vdW pressure co-

efficient of ssDNA and SWCNT interaction. The vdW reaction
force distribution components on ssDNA from SWCNT can be
obtained as follows:

2
Rpyaw cos(0)d6, (35)

27

Rpyaw sin(0)do, (36)

where (fy, f-) denote the vdW force on ssDNA per unit length in
the transverse y and z directions respectively.
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4. EQUATIONS GOVERNING STABILITY OF ss-

DNA@SWCNT

To analyze buckling of ssDNA@SWCNT, we model ssDNA
by nonlocal elastic rod and SWCNT by nonlocal elastic shell de-
scribed in Section 2, and use the equivalent pressure and force
distribution described in Section 3 for vdW non-bonded interac-
tion between ssDNA and SWCNT. Substituting the vdW pres-
sure distribution on SWCNT due to encapsulation of ssDNA
from Eqn. (34) into Eqn. (20) and the distributed vdW force
on ssDNA from Eqns. (35, 36) into Eqn. (29, 30), stability of
hybrid ssDNA@SWCNT is governed by

Eh d*w

DViw+ =3 %t — (1 -2V Viy
+ R ot (I-17V7) W] 37)
+(1— nZVZ)V4cd [w—vgcos(0) —wysin(6
d4vd dzvd d
) d2 o ( )
+ <1 - dx2> Rcy (/0 wcos(0)dO,—7mv, | =0,
4 2
—E,l, dd;zd +F (d Wd _ >
, & m (39)
+ (l - dx2> Rey (/0 wsin(0)do, —nwd> 0.

These equations are in general coupled due to the vdW interac-
tion between ssDNA and SWCNT, but under some conditions
they may be decoupled. For example, assume an Ansatz solution
for the radial displacement of CNT, w as a Fourier series:

w(x,0) = Z amp cos(mmx/L) cos(nO)

m,n

+ Z Din cos(mmx/L)sin(n0)

m,n

+ Z Cmn sin(mmx/L) cos(n)

m,n

+ Z amp sin(mzx /L) sin(n0),

m,n

(40)

where m and n are two non-negative integer, and a,, byns Con
and d,,,, are Fourier series coefficients. Substituting the Ansatz
solution, we note that Eqns. (38, 39) are coupled with Eqn. (37)
only for n = 1, and that there is no coupling between w and
(va,wyq) forn # 1.

5. BUCKLING OF ssDNA@SWCNT UNDER RADIAL
PRESSURE
In any equilibrium condition having small deformation, the
hybrid structure ssSDNA@SWCNT under radial pressure must

satisfy all the equilibrium equations. If the deformed state is
a stable equilibrium, the structure must restore its equilibrium
from any arbitrary perturbation. On the other hand, if the equi-
librium is unstable, it can be perturbed such that the perturbation
grows and the equilibrium is not restored. At critical loading,
the equilibrium becomes a neutral equilibrium in linear buckling
analysis. Hence, if functions w, v; and w, describe the defor-
mation of SWCNT and ssDNA in static equilibrium under the
critical radial pressure p., , and functions W, ¥; and W, represent
the perturbations which would grow if the radial external pres-
sure exceeds p.,, Eqns. (37)-(39) will also be valid if w, v; and
wy are replaced with w+w, v; + 7, and wy + W, . Subtracting the
new equations from Eqns. (37-39), the equations governing the
stability of hybrid structure in terms of the perturbation functions
W, 4 and w,; become

Eh o
DV8 Wy - 1 _ sz V4lI’ ~
+(1=1°V*)Viey [W—VdCOS(Q) wdsm =0.
d4‘7d \7
d2 o ( )
+ <1 - dx2> Rey (./0 wcos(0)do, nvd> 0,
d4 ~ d2 ~
—E4l,, d;;d +F, ( Wd _ 2 Wd>
43)

=0.

\_/%

42 2
+ <1 - dx2> Rey (/0 wsin(6)de, —mwy

If the hybrid structure is subjected just to radial external pressure
Pext » the axial, normal and shear stresses in SWCNT vanish.
The circumferential normal stresses occur only due to the vdW
pressure from ssDNA exerted on the CNT. The axial, shearing
and circumferential resultant forces are given by

N, =0, (44a)
Ny =0, (44b)
No :R(_pext‘i‘pO)‘ (440)

Substituting resultant forces into y from Eqn. (16) we get

1 92
\P:R(_pext‘i‘pO)ﬁW' (45)
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Further substituting y into Eqn. (43), the equation governing the
stability of ssDNA@SWCNT under radial pressure becomes

R? ox*

1 9% _ (46)
—(1- HZVZ)V4R(—pext +PO)EWW
[W—ﬁd—vfid] =0

DV& +

+(1=n2VH Vi,

along with Eqns. (42, 43). Next, consider the following Ansatz
solution for perturbation functions:

W = W sin(mmx/L)sin(n@), (47a)
Vg = Vysin(mmx/L), (47b)
Wq = Wysin(mmx/L), (47¢)

where m and n are two non-negative integer representing the ax-
ial half wave-number and circumferential wave-number, and W,
V,; and W, are infinitesimal amplitudes of perturbation functions
for the buckling mode corresponding to (m,n). Let us define fol-
lowing two parameters ¢ and 3:

(48)

Substituting Ansatz solution, Eqn. (47) into Eqns. (46, 42, 43)
for circumferential mode n = 1, we get

Eh

(Dta? +82)*+ 55 + [1-+ (™ + 57 x
(02 + B2 RB (- Pext+P0)W+[1+71 (02 +52)] x
(a2 + B*)2cy (W — Wd>s1n )sin(9) 49
() B 0+ )7 %
ca(V) sin(owx) cos(6) = 0

(Eql,0" + mRen* o + aRcy) Vysin(ax) =0, (50)
(Eqlyya* + wRcqn* o + wRcyq) Wy sin( o)

- (5D
= Rey(1+n*a®)Wsin(ox),

and also for n # 0,

(Dta 20+ 5 + (14 (el + )]
(o + B*)°RB* (—pm+po)W+[1+n2(a2+[32)] %... (52)

(0 By > W sin(ax) sin(0) = 0.

Eqns. (49-51, 52) are satisfied in the entire domain 0 < x < L
and 0 < 0 <27 (forn=1) if

V; =0, (53)
(Edlyya“ + chdn2a2 + ﬂRCd) Wd (54)
= Rey(1+ 1 )W,

(D<a2+ﬁ2>4+ (e 4 B ¢
(02 4 B)2RB2(—pew + pO)W + [1 4+ 02 (0 + BH)] x ... (55)

(0 + B2 Vey (W Vm) —o,
and for n # 1 if

<D(a2+B2)4+ +[1+n%(a® +B%)] x

(02 + B2 RB(—pew + po) + [1+ 120 + )] x ... (56)
(@2 + B eq ) W0

These algebraic equations governing the stability of ss-
DNA @SWCNT can be assembled into matrix form as

anp an| (W b1 O] (W _
e (1) =[50} () 0
where a;; and by are given by

any =D( + B+ — + [1 +n?(a® + B7)] x

R? (58a)
(o> +B*)* (RB>po + ca)
2
aiy =—[1+n* (a?+B?)] (&> + B*) " cq, (58b)
ar = —nRey (1+1%0?), (58¢)
an = Eqlyya* + nReqn* o + nRey, (58d)

bu =107 (0 + )] (> +B>)’RE>  (580)

Following Eqn. (56), for circumferential modes corresponding
to n # 1, the stability of the hybrid structure is governed by

(a11 = Pextb11) W =0,. (59)

For existence of nontrivial solution for (W, Wd) in Eqn. (57) and
for W in Eqn. (59), the following condition must be satisfied:

{g““ngﬂ ifn=1,
Pext = a}i 42251 . (60)
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FIGURE 2. The critical pressure of pristine (10,10) CNT and the hy-
brid SSDNA@(10,10) CNT versus the small scale coefficient 7.

The critical pressure at the onset of instability of ss-
DNA@SWCNT is minimimum p,,, for all axial and circumfer-
ential buckling modes (m,n).

6. NUMERICAL RESULTS AND DISCUSSION

Now, we provide numerical examples to obtain the critical
radial pressure of the hybrid structure ssDNA@(10,10) CNT us-
ing nonlocal elastic rod and shell models. Based on MD simula-
tions, Gao et al. [5] has reported that ssDNA can be inserted and
encapsulated simultaneously inside (10,10) CNT with length of
5.9 nm due to the vdW inter-atomic interaction [5, 6]. The nu-
merical values used for mechanical parameters here, for (10,10)
CNT and also for ssDNA are D = 0.85 eV, Eh = 360 Jm 2 [53],
R =10.678 nm and E; = 100 MPa [54,55]. The initial vdW pres-
sure pg = 0.1 GPa and vdW interaction coefficient between ss-
DNA and SWCNT, is obtained as ¢; = 0.3 GPa/nm from data
in [6]. Now, we investigate the effect of filling a (10,10) CNT
by a single-strand DNA on the radial instability of the unoccu-
pied CNT. The length of the CNT and encapsulated ssDNA is
assumed to be L = 5.9 nm, which is extracted from [5, 6]. The
critical radial pressure for pristine (10,10) CNT and the hybrid
ssDNA@(10,10) for a common range of 1, i.e. the range be-
low 1 nm for CNTs [49, 51] are plotted in Fig. 2. From Fig. 2,
we see that the presence of the encapsulated ssDNA inside the
(10,10) CNT results in an increase in the critical radial pressure.
This means that the functionalized (10,10) CNT with ssDNA is
stiffer and the resistance to the radial instability is enhanced by
encapsulation of ssDNA. We have also seen similar increase in
critical torque and critical axial force under the the effect of en-
capsulation of ssDNA into CNT. Although the formulation and
the results are not provided here, one can readily confirm this fact
by using appropriate resultant forces in Eqn. (44). For example,
when CNT is subjected to external torque 7, the resultant forces

are

N, =0, (61a)
T
= 1
Nxe 2”R27 (6 b)
Ny :R(_pext +P0)~ (61¢c)

A similar increase of the resistance to the buckling instabil-
ity of CNT due to encapsulation of some molecules and nano-
structures has been reported in literature. For instance, due to
the insertion of linear carbon chain (C-chain), the critical pres-
sure and critical torsional moment of carbon nanowires, i.e. the
functionalized CNT with linear carbon chain encapsulated inside
CNT [4,9], have been reported to be larger than the pristine CNT
of radius around 0.35nm such as (5,5) or (9,0) CNT [20]. Fur-
thermore, encapsulation of Cg fullerenes inside CNT leads to
a new category of hybrid CNTs called carbon nano-peapods. It
has been reported that the encapsulation of Cg fullerenes inside
(10,10) CNT results in an increase of the resistance to buckling
instability of (10,10) CNT under axial compressive force [14],
torsional moment [15,17], bending moment [17]) and radial pres-
sure [18]. In both cases of nano-wires with innermost CNT ra-
dius of 0.35nm and Cgy@(10,10) nano-peapods, the encapsula-
tion process has been reported to occur spontaneously. This is be-
cause of the fact that the host CNT in the mentioned range of di-
ameters makes a proper space for the nested Cg( fullerenes or car-
bon chain to maintain a preferred graphitic van der Waals (vdW)
separation (i.e. 0.3nm) from the interior wall of CNT [3].The
insertion and encapsulation of ssDNA inside (10,10) CNT with
length of 5.9nm has been reported to be a spontaneous pro-
cess and the hybrid ssDNA@(10,10) is energetically more stable
[5,6]. Therefore, similar to Cgo@(10,10) carbon nano-peapods
and C-chain@(5,5) or C-chain@(9,0) carbon nanowires, an in-
crease in resistance to radial buckling for ssDNA@(10,10) CNT
is not surprising.

Finally, we note from Fig. 2 that the critical pressures of
pristine (10,10) CNT and ssDNA@(10,10) for small scale coef-
ficient n = 0.15 nm are computed to be 1.65 GPa and 1.8 GPa
respectively. This implies an increase of about 10% in buckling
strength of (10,10) CNT under radial pressure due to the encap-
sulation of ssDNA.

7. CONCLUSIONS

This paper contributes a model for buckling analysis of hy-
brid CNTs functionalized by encapsulation of single-stranded
DNA by introducing nonlocal elasticity in shell model for CNT
and rod model for ssDNA. The model predicts that the encapsu-
lation increases resistance to buckling and that the nonlocal elas-
ticity theory predicts lower critical pressure than does the local
elasticity theory.
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