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Carbon nanotube caps as springs: Molecular dynamics simulations
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Princeton Materials Institute, Princeton University, Princeton, New Jersey, 08540
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We present a detailed investigation of the spring behavior of carbon nanotube caps. We show that the caps
act as harmonic springs, responding linearly to axial forces for appreciable displacements. Interestingly, we
find the spring constant to be essentially independent of diameter and number of layers, but the maximum
harmonic displacement increases with tube diameter and especially with number of layers. This spring effect is
significant when the tubes are sufficiently short so that buckling does not occur before cap compression.
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Carbon nanotubes exhibit mechanical properties that areith
remarkably different from other known materials and are ex-

pected to have a great potential for many C,=1/(4sirf 6p),

nanoapplicationd=®> Work is currently underway studying

the use of nanotubes as minuscule field-emission electron C1=—4C; cosy,

guns®’ tiny test tubed and tips for atomic force

microscopy (AFM). Ultratough composite materials using Co=Cy(2 codfp+1),

nanotube “fibers” can also be imagined. The mechanical

properties of nanotubes are important since the design of any Es=k(1=cosng), 2
potential application depends on these properties. Nanotube

bending, twisting, buckling, and curvature effects were E,=k[1+cognx—xo)l,

studied>>1°-12young’s modulus was estimated experimen-
tally using transmission electron microscopy, giving an ex- r+| r*\®
ceptionally high average value ¥f=1.8 TPa® Recently, we T AT
have shown using molecular dynami8ID) simulations

that nanotubes are of such small dimension that variations in aiq;

tube geometry can affect the Young’s moduttisn another Ee=—.

paper, we examined the elastic response of nanotubes to
asymmetrical radial compressive forc¢édn this paper, we Additionally, a Wilson, or umbrella, out-of-plane term of the
report in detail the dynamics of a nanotube under axial stres$orm k(cosy—cosy)? may be included. Definitions of the
for example, if a nanotube were used for AFM. We find thatvariables in Eq.(2) can be found in Ref. 15, along with a
for suitably sized tubes, the tips act as Hookean springs fomore complete discussion of the particular forms of the po-

EUdW: €

appreciable displacements. tential functions. For nanotubes, the carbon atoms have not
MD simulations were performed with Cerfusy Molecu-  net charge, so thE,, term is always zero.
lar Simulations, Inc., using the universal force figldFF) Parameters were determined for a wide range of mol-

developed by Rappet al’> Force-field based simulations ecules and cover the entire Periodic Table. Initial tests indi-
are convenient since they use an explicit expression for theated that UFF quantitatively describes aromatic organics
potential energy surface of a molecule as a function of theairly well.!> Our own MD tests of simple graphite systems

atomic coordinates. UFF is a purely harmonic force fieldusing UFF were qualitatively accurate in behavior and quan-

with a potential energy expression of the form: titatively accurate in layer spacing, bond lengths, and bond
angles:
E=ErtEyTE4+E,tEjqwtEe. 2 For our study, we modeled various symmetrically capped

) ) ) i nanotubes with armchair helicity, composed of one or more
Bond stretchingEr is described by a harmonic term. Bond (n 1) concentric shells. Layers of the multiwalled tubes

angle bendinge, is described by a three-term Fourier cosineyere constrained at the open end to not slide within each

expansion. Torsionk, and inversionE,, are described by  other, simulating real tubes, which ordinarily do not have

cosine-Fourier expansion terms. van der Waals interactiongch freedom. The cap of the smallest tube used in our simu-

E,qw are described by a Lennard-Jones potential. E|eCtr0Iations(1O,1O is the hemisphere obtained by cutting,§in

static interactionsE, are described by a Coulombic term. paif, The other tubes have caps with identical morphology,

The functional form of each energy term is given in E2),  put pentagons spaced farther apart. The smallest tube we
studied involved 1890 atoms.

Er=Kk(r—ro)?% Two sets of MD simulations were performed: in one ex-
periment, a Gy molecule was “fired” at the tip of the tube,
Ey=k(Cy+C,cosb+ C,cos 20), along the direction of the tube axis, at 22 A/§2200 m/$
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FIG. 1. Frames from MD simulations of a cappé®,10 nano- i )
tube pushed onto a fixed graphite surface=ata) 0.00,(b) 0.60, FIG. 3. Plot of potential energy) vs displacemenk for the -
() 1.55,(d) 2.50, and(e) 4.00 ps. (10,10 tube pictured in Fig. 1. The thick dashed line is the restoring

force F=—gU/dx, 1.60x1071° J=1 eV

while the opposite end of the tube was held fixed; in the]c rce produced by a given displacement. found frems
other experiment, the tube was pushed into a fixed sheet oF P yag b '

; ; : —dU/ox. It is interesting to note that a discontinuity exists
graphite at 10 A/pg1000 m/3$ with the tube axis perpen- . ) .
dicular to the graphite plan¢See Fig. 1. While the veloci- and that beyond the region where Hooke's law is obeyed, a

ties involved in these simulations are probably exceptionallyig?giir g?gf:nfere?ﬁ;gegrggef;réheecrazzr;%izsn t?ﬁet'g uri)stcf)irzt
high, they result in collision forces on the same order of : P

magnitude(ones to tens of nNas is typical in AFM® compressed, the applied force works to distort the shape of

Both simulations showed qualitatively the same behavi0rjt;;fj)v\(/:r‘?Fi)r’1 gi‘c’sseng;ugngu;’lglngﬂgethzafnsaxﬁlﬁ(gﬁt?gggd as
Upon collision, the symmetrical cap compresses into the hol= gs-. '

low of the tube, acting as a “shock absorber.” Figure 1strain is reachefFig. 2(b)], any further force works against

shows a few frames from a collision simulation and thethe springs™ of the bonds at the perimeter of the cap that

shape of the tip at various times during the collision. A sched® trying to push the tip back “down,” illustrated in Fig.

matic of the cap deformation is given in Fig. 2. It is evident 2&2 ioggjs?;ﬁtﬁ%lg”%’%rnvﬁg tsitramed, but instead are cre-
that large bond angle strains must be incurred for such dra& S?mulations on oth%r s mmetrFi)éaII canped tubes of vari-
tic tip deformation; however, the necessary forces are not Y y capp

very large. In the above simulations, the force exerted on thgﬁcﬂ'a;?:t;rjgrga?;g] db(?; o_;;%)llsrls [_)I_rr(])gusc:er(ijn3|n;|cl)?]rstr:rs];ﬂitss,

tip of the tube is less than 10 nN. Each atom at the tip feeld : pring A

only a few nN of force. abc_)ut 'the same for all the tubes, averaging.8 nl_\l/ ,
The spring behavior of the caps was calculated by trackWhich is related to the strength of the C-C bonds in nano-

ing the potential energy of the tubes during compressiont.Ubes' The maximunicritical) displacement for harmonic

The results for thé10,10 tube are shown in Fig. 3, which is response, however, increases for larger diameter tubes. Inter-

a plot of the relative potential energy of the tube as a func_estmgly, for tubes with more layers but identical outer diam-

tion of tip displacement. A harmoniéHookean region is eter a large increase in the maximum harmonic displacement

clearly visible for displacements of less thard.6 A for this is seen, since interlayer interactions prevent critical distor-
tube ){:m reater displacements the otentiall enerav appe tirgn from being reached until greater displacement. The inner
' g b ' P dy app a}ayers create extra resistance for the external force, which

2 ;/ary Ilnec?rlyt/_w]:th d;jsplacf(i?e?t. r;hftdatztum?hlle A.Weremust distort all of the layers.
It to a quadratic function o the forikix ™ to obtain the spring The elastic response of asymmetrical tips is more difficult

constant.k. For a Hpokean spr|ngJ=Kx2/2. The thick ._to characterize since the compression is very dependent on
dashed line in Fig. 3 indicates the magnitude of the restormgip geometry, which can vary from tube to tube, and also can
involve the tube walls. Asymmetrical tips would not be de-
sirable for applications such as AFM, and are not considered
here, since the tip compression is complex and difficult to
predict.

While the forces involved in the cap compressions are on
the order of tens of nN or less, their magnitudes must be put
into perspective. When a nanotube is crashed into a surface,
we could imagine a force resulting in buckling of the tube,
a b Cc thus preventing significant local compression of the tip. As

described by Euler in the 1700s, a tube or rod in axial com-

FIG. 2. Schematic of tip compression procéssinitially, (b) at  pression will remain straight until a critical force is reached
critical point, and(c) after critical point.(Scale is not proportional when bifurcation occurs. This critical buckling force is given
to actual tube sizes. by® Feye= m2Y I/L2, whereY is the Young’s modulus., is
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TABLE I. Elastic constant and critical buckling force for various nanotubes short enough to allow cap
compression before bucklingl=number of layersa, b=outer, inner radii, respectively, in A;, length, in
A; Y, Young’s modulus, in TP&E ¢, buckling force, in NNk, elastic constant, in NN/Ajastic, Maximum
elastic compression, in AY data are taken from Ref. 13.

Tube N a b L Y Feuter k Xelastic
1 (5,5 1 5.1 1.7 96.4 1.12 6.25
2 (10,10 1 8.5 5.1 96.8 1.02 38.34 9.35 1.6
3 (15,19 1 11.9 8.5 96.5 1.00 1235 9.10 1.7
4 (20,20 1 15.3 11.9 96.5 0.97 280.5 105 1.8
5 (10,10/(15,15 2 11.9 5.1 96.5 1.01 162.9 10.6 2.2
6 (10,10/(15,15/(20,20 3 15.3 5.1 96.5 1.03 464.0 9.14 4.0

the length, and is the area moment of inertia of the beam, length determines the appearance of this effect, since
given by | = [,z?dA. For a tube of annular cross sectibn nanoapplications ordinarily require the smallest diameter
= m(a*—b*/4, with a andb specifying the outer and inner tubes possible.

radius, respectively. Then, the critical buckling force of a We show with this study that the tip of a symmetrically

nanotube is calculated from E): capped nanotube can act as the world’'s smallest Hookean
5 ) spring when compressed axially. This behavior is significant
Feue= m2Y(a%—b*)/4L%. (3)  when the tube is sufficiently short that buckling does not

. . occur before cap compression, and persists for an appre-
Table | lists values of g for uncapped tubes of various p P P pp

radii and length. The tubes are uncapped to allow accurat jable range of displacements, depending on the diameter of

. . the tube and the number of layers, with a spring constant of
calculations since Eq3) assumes a constant annular CrOSS~9.8 nN/A essentially independent of tube size. Construct-

section. Thus, the table lists a minimum value for the buck-in an AEM tip from a thin nanotube short enoudh to un-
ling force of a capped nanotube since the cap’s shape allow: 9 . P . X 9
ergo tip compression from an axial force may allow an

some, but not all, of the applied force to be transferred to thadvancement in atomic probe technology utilizing the

walls of the tube. The values foflisted in Table | and used Hookean sprind nature of the cap. which behaves as though
in Eqg. (3) were derived from MD simulations described in pring - P, . 9
: 4 attached to the end of a rigid rod. Such next generation AFM
our previous report: : : : . ;
tips also would provide much higher spatial resolution than

We can see from Ed3) a.nd Taple : thaFE“'e.r becomes current tips due to their tiny diameter. We believe, addition-
very sensitive to the tube dimensions as the size of the tubg

ots smaller. For tubes of the size used in our simulationa”y’ that this study demonstrates the importance of atomic
g y - . ; Tevel calculationge.qg., though MD simulationgor accurate
(tubes 25 the_ critical buc_kllng force is r_nuch greater than predictions of nanotube dynamics, owing to the extremely
:Bgef%rfct?];es%lﬂ: é?ar?#a?grI%J??e:lut?rizstllgﬁ ngs]\gegufgkr"gsmall size scale. At the nanoscale, significant atomic effects
. s ger, Ndre not properly accounted for by continuum calculations.
force is so small that significant compression of the tip

would not occur. Therefore, such compression of a capped We wish to thank M. M. J. Treacy and T. W. Ebbesen for
nanotube tip as described above is a realistic phenomenowualuable discussions. This work was supported by the Mate-
provided the tube is of appropriate dimensiding., short rials Research and Engineering Center program of the Na-
enough or of great enough diameteEssentially, the tube tional Science FoundatiofGrant No. DMR-94-0036R
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