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Molecular selectivity due to adsorption properties in hanotubes
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The adsorption of small molecules {NO,, CO, CG,, H,O, and HF in model ropes of carbon nanotubes
has been studied to determine the main paraméstable adsorption sites, potential barriers,.) which
define the ability of carbon nanotubes to select small molecules through their different behavior in the diffusion
mechanism. When the polarization of the nanotubes is taken into account in the semiempirical potentials, it has
a significant influence on the adsorption of polar species. Examination of the potential maps along the ropes
shows that the nature and the stability of the adsorption sites are strongly dependent on the molecular species
and on the diameter of the tubes. For a small rope formed (ti€h1Q single-wall nanotubes, different
trapping sites are favored by the molecules considered. Furthermore the corresponding trapping well depths are
sufficiently selective to discriminate the species. Improving the size homogeneity of the ropes and judiciously
calibrating their diameter would provide an efficient mean of selecting molecular species.
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I. INTRODUCTION structures. Full geometrical minimizations have been per-

formed on various adsorption sites including nanotube sur-

Due to their importance in nanotechnology, carbon nanoface, nanotube inner channels, grooves, and interstitial sites

tubes (CNT's) have been intensively studied in recentin ropes. The influence of the homogeneous vs heteroge-

years-? Their excellent mechanical, electronic, and thermalneous distribution of nanotube diameters in the bundle has
properties offer wide potential applicatidtis nanoelectron-  also been considered for GHAr, and Xe using Monte Carlo
ics, sensor probes, field emission displays or electron gunsimulations with Lennard-Jones potenfidllt has been

for isolated tubes, or still in supercapacitors, electromechanishown that the results of simulation are in excellent agree-

cal actuators, electromagnetic shielding or optical limitingment with isosteric heats data for these species, when inter-

material when included in composites. Single-wall nanotubestitia| channels of defective NT bundles are taken into ac-
(SWNT) have recently attracted much attention regarding.qnt in the calculations.

their use as miniature chemical or electrochemical |, ihe present paper, we consider the ability for SWNT
-1 : ,
sensof.”" Experimental reports have shown that upon expoy, nie<” 1 separate some small molecules from a standard

sure to gas molecules, the semiconducting SWNT's eXh'b'}atmosphere, namely, water molecules and toxic gases such as

noticeable changes in their dielectric constafitand very : o
large changes in their electrical conductalfte. This high CO (carbon monoxidg CO, (carbon dioxidg or HF (fluo-
ridric acid. For that purpose, we discuss results of

sensitivity to adsorption of molecules such ag MO,, and . . : e .
NH, at room temperature has led to propose these SWNT,gdsorptlon/desorptmn energies and diffusion barriers. More

as sub ppm €10 ppb for some molecular species specifical_ly, we determine the relevant quantities, which will
detectors® considering that the sensor’s scientific commu-P2€ used in a subsequent paper to analyze the dynamics and
nity is actually looking towards high performance new ma-Kinetics of the molecules moving through the bundle by ki-
terials in environmental, industrial, and medical applicationsnetic Monte CarldKMC) simulations. Here the goal is first
As all microporous materials, SWNT’s are very useful for to design and test an accurate semiempirical potential by
molecular Sieving properties and they have been Sﬁ%%en Comparison with available denSity functional theory calcula-
to display exceptional transport rates, with molecular fluxegions. To build this potential, we add to the usual dispersion-
that are orders of magnitude greater than crystalline zeolitekgpulsion contributions, the induction terms, which account
for specific species such as ¢lnd H,. In a more general for the nanotube polarization by the molecule electric mo-
way, information on the sensitivity of SWNT's as selective ments. These latter terms will be shown to have a significant
solvents of molecular species can be obtained from the denfluence on the parameters governing the diffusion of the
termination of the adsorption energies on particular sites antholecule, by favoring different adsorption sites for molecu-
of the energy corrugation along the nanotubes. A very smallar species with different electrical properties. Then we ana-
amount of experimental data is presently available mainllyze the influence of the nanotube size of the bundle confine-
reporting measurements of isosteric heat of adsorptidn ment and of the molecular coveragéccurrence of
for a limited set of simple molecules adsorbed in/on heteromolecular dimersin the bundle on the relevant parameters.
geneous SWNT bundles. First-principles methbdssing The paper is organized as follows. In Sec. I, we describe
density functional at the local-density approximati@®A)  the properties of the bundle used in the calculations, the in-
level have been applied to determine the adsorption energgraction potential and the minimization procedure to reach
of NO,, O,, N,, NH;, CO,, CH,, and HO on homoge- the stable adsorption sites. Sec. lll is devoted to the presen-
neous bundles of SWNT having both zigzag or armchaitation of the results on ¢0 K adsorption energy for typical
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e ment on the adsorption sites and the diffusion of the mol-

/:fwhx s, ecules, which could be due to the presence of a matrix

/ \I * around the bundle.

§ | 1 The molecules considered hereafter are those frequently
,l“,w doc 4 j" °°‘~, met in the atmosphere (N O,, and HO). An interest of
} G} i this paper is to study the behavior of those latter molecules in
s irlm,f ; comparison with air pollutants such as CO and,Cénd the

{ ’;:’*3\' o / much more harmful and toxic HF molecule in order to assess

;‘m ;ﬁ LG_ ,"\F’_,L whether or not such bundles can serve to energetically sepa-
W e G /,/’ rate CO, CQ, and HF molecules from the ambient atmo-

S sphere using adsorption and diffusion criteria.
a) b)

] B. Polarization of nanotubes
FIG. 1. (a) Top view of a perfect bundle of nanotubes. The three

most favorable adsorption sites are showrGafor groove site,T Polarization effects of SWNT are expected to influence
for an in-tube site, antifor an interstitial site. The external sikeis  Significantly the adsorption of molecules. Under an external
also shown. The distance between each tube is equal to 3*4%A.  electric field, SWNT’s can be berfor twisted simply be-
(b) Top view of a confined bundle of nanotubes, the confinement igause of mutual interaction of each induced dipole created on
mimicked by the presence of a larger tu®9,29, which is not  carbon atomé’ To account for these polarization effects, we
deformed(right part of the figurg or, on the contrary, deformed describe in a first approximation each carbon atom by an
(left part of the figurg In that confined configuration, new groove isotropic atomic polarizabilityrc=1.2 A%, This value is the
sitesG’ andG” occur. current polarizability used to describe the electric properties
of fullerenes. Recently it has been shéftf?that the mutual
molecules N, O,, CO, CQ, H,0, and HF and these data polarization interaction between carbon atoms in nanotubes
are compared to those issued from experiments and/or oth& not constant but depends on the length of the tubes. Using
theoretical papers. We discuss in Sec. IV the selectivity ofh method based on the resolution of the Lippman-Schwinger
various model bundles through the results of the adsorptiorquation and anisotropic atomic polarizabilities to describe
energy and corrugation for isolated molecules and dimers. the propagation of the induction in a mesoscopic ttfiae
effective carbon atom polarizability in a tube has been found

Il. THEORETICAL BACKGROUNDS to incr?ase with the length of the tube up to some coherency
o length?? that could be of the order of few micrometers for
A. Description of the system real metallic nanotubes. We assume that those length effects

The adsorption of small molecules in or outside nanotubeill not disrupt the general potential energy curves obtained
is the key of our study. In order to optimize the sieving Py moving the molecule throughout the bundle. Indeed, we
capacities of the sensor formed by SWNT we chose to simuf@ve verified in a test case that, compared to the isotropic
late a bundle of tubes by putting a regular arrangement opolarizability model_, thgg(_e mutual effect; of exaltation b(_e-
tubes on a hexagonal array. More precisely, we considdiveen carbpn polarizabilities are responsmle for asmall dis-
opened carbon nanotubes to increase the possibilities for tfacement in energyat most 30 meY without appreciably
adsorbed molecules to be kept inside tube or to pass througianging the shape of the potential maps. This justifies the
the nanotube array. In a first configuration, the model bundi&€glect of atomic anisotropic polarizabilities and non-self-
is formed by three identic4lL0,10 tubes[cf Fig. 1(a)] since con5|s_tent _reS(_)Iutlon_ which leads to a very important gain of
this is the smallest cluster required to represent all the pos=PU time in simulations.
sible sites in the hexagonal lattice. We use this system to
study the adsorption energy in the different sites accessible to ¢ nteraction between adsorbed molecules and nanotubes
the molecules, namely, the in-tube sitegroove siteG, and
interstitial sitel which are described more precisely in Fig. 1 Electrical field created by a molecule on a carbon atom

1(a). We will also consider the adsorption skeon the ex- The total electric field created by the molecule on the
ternal surface of a tube to allow a comparison with availableypes is written as a sum of contributioB€” due to charge
data. The dist:_:mce between ea(d:,_lO tube in the array is _(n=0), dipole 1=1), and quadrupolen(=2) distributed

set to E-_‘;GA, i.e., the interlayer distance between graphiten different sites of the molecule. The electrostatic descrip-
planes~*°In a second study, we vary the radius and inter-tion of each molecule is summarized in Table I. These sites
space of the tubes, nonetheless keeping the hexagonal stryge generally located on the nuclei and at the middle of the
ture and we evaluate the influence of the size of the Jifes ponds for the diatomic moleculé&33 Within this approach,

[, andG on the adsorption properties of the molecules. Thishe electric fieldE created by the moleculeon thec,, car-

is a simple way to simulate an heterogeneous bundle withowon atom in the tube at a mutual distangeis defined as?
explicitly introducing a size distribution for the tubes. Fi-

nally, in the third situation, the thre@ 0,10 tubes are en-
closed in a largef29,29 tube (simulation of a mesopore E(r )= TIME—TIME + 2T M 1
system, deformed or not, to mimic the influence of confine- (Tic) Z (ToMo=TaM1+5ToM2), @
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TABLE I|. Electrostatic description of the molecules. The interaction centers that bear the various electric
polesM, can be the atoms themselvé3, N, F, O, H or the molecular center of mags.m, or still the
middle (M) of the bond depending on the description of the interaction potential. All data are given in atomic

units.
Molecule Site Position (A)  My(e) M; (eA) M, (e A?)
CcO, C 0 1.17 0 —0.143
o 1.16 -0.31 0.053 0.048
M 0.58 -0.28 —0.042 0.185
) -1.16 -0.31 0.053 0.048
M —0.58 —0.28 —0.042 0.185
Molecular electric pole c.m. 0 0 0 —1.049
O, O —0.607 0 0 —0.081
M 0 0 0 0.162
O 0.607 0 0 —0.081
Molecular electric pole c.m. 0 0 0 0
N, N —0.547 0.60 0.428 —0.025
M 0 -1.20 0 0.381
N 0.547 0.60 —0.428 —0.025
Molecular electric pole c.m. 0 0 0 —0.246
CcoO C —0.644 0.63 0.459 —0.160
M —0.080 -0.72 0.0529 0.207
O 0.484 0.09 —0.259 0.098
Molecular electric pole c.m. 0 0 —0.053 —-0.420
HF F —0.046 —0.07 0.164 0.168
M 0.412 —0.54 —0.079 0.011
H 0.870 0.61 0.05 0.017
Molecular electric pole c.m. 0 0 0.400 0.491
H,O c.m. 0 0 0.385 M= 0.548
Myy,y=—0.520
M,,,=—0.027

whereT,(r;.) defines the interaction tensor associated with

the n,, multipole M, located at the,, site of the molecule. VmOI_mOIZE [Vor(rjj )+ Ve(rj)], (4)
The response of any carbon atom to this electric field gives b’

rise to an induced dipole moment, which is written in a first

approximation, as: whereVpR represents the quantum interactialispersion
and repulsion termsither between thg, molecule and the
Ping= 2 @cXE(rjc) (2)  carbon atom separated by a distange[in Eq. (3)], or be-
i

tween two molecules at a distancg. [in Eq. (4)]. These

] ) ) o _interactions are expressed in terms of pairwise atom-atom
whereac is the isotropic polarizability of carbon atom in | ennard-Jone¢LJ) potentials:

the tube, taken to be 1.23843These induced dipoles on C
atoms are assumed not to interact, in contrast, with more
refined theories including the polarization in a self-consistent ( o gﬁ,)

©)

way, as already mentioned. V'BJRZE deiir
ii’

12 6
i’ i’
2. Potential-energy calculations
The interaction potential between a molecule and all thevheree;;., ojj, are the usual energy and diameter LJ param-
carbon atoms of the bundle is expressed as a sum of tweters andr;;, is the distance between two atornsand i’
contributions, namely: belonging to two different molecules or an atom of the mol-
eculei and a carbon’=j of the bundle. These LJ param-
mol—B_ _ _ eters are given in Table Il for the carbon-molecule pairs.
v —Ec: [Vor(rjc) +VilTic)]- ®) Using the Buckingham formalisif, the induction poten-
tial Vi(rjc) in Eq. (3) on the carbon atoms and the electro-
When several molecules are adsorbed in/on the tubes, watatic molecule-molecule potenti&l(rj;) in Eq. (4) have
have to add to Eq(3), the molecule-molecule interaction:  the same following form:
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TABLE II. Lennard-Jones parameters between a carbon atomas pollutants are mainly quadrupolar and they will poorly

in a tube and the molecules. interact through induction terms with the carbon atoms of the
tubes. Thus a comparisdiBec. I\) with available experi-

Atom-atom e(meV) o (A) mental data for C®, O,, N,, CO appears to be a test of the

c-Co, c_c 210 350 Lenna.rd—J.ones p_otential used to describe the dispersion-

C-0 310 3.23 ;izl:gon interactions between carbon atoms and those mol-
g: gz g_g g'ég g'ji In preliminary calculations, we have verified that the ad-
2 ' ' sorption energy 0 K does not depend on the length of the
c-co c-C 2.10 3.50 tubes by varying the number of carbon atoms from 800,
c-0 3.10 323 1040, 1440 up to 1800. All the results will therefore be dis-
C—HF C—H 2.10 2.719 cussed using10,10 tubes containing 1040 carbon atoms.
C-F 2.65 3.61 We present in Table Il the results of our calculations with

C-h0 g_g 2.10 3.01 the corresponding available data issued from calculations or

3.10 3.23 from experiments. While the stable orientation of the four
molecules is the same, namely, with their axis pointing along
the direction of the tube axis, the type of the most stable
- nEnEmee VN, M adsorption site is different. Indeed, te |, andT sites have
vin=2 > My T (rJiJw)MJw © close energies for CQ with however a slightly smaller
value for the interstitial site, whereas the external &tes
where the sums are all over the electrostatic sites of thelearly much less stable by about 100 meV. The interstitial
molecules(or the carbon atomsn the tube. The dipole mo- site is the most strongly attractive for,@hile the two ad-
ment tensoM ! attached to the carbon atom is induced bysorption sites T andG) are less stable and nearly equivalent
the molecular moments, while for the adsorbed moleculesand the external sit& close in energy to the CQone, i.e.,
M% M2, and M? are permanent multipoles. The induction much less stable than the other sites. ForaNd CO, we find
contribution between two molecules remains small in generajwo equivalently stable site§€ and T, and two much less
and has been neglected with respect to the electrostatic costable sitesl and E. Further discussion of the differences
tribution in V™= [Eq. (4)]. between our results and the other data quoted is postponed to
Sec. IV.

nmjiej jr i’

3. Energy optimization

The stable configuration for the adsorbed molecule is de- 2. Dipolar Molecules:HF,H,0
termined from a conjugate-gradient procedure speeded up by Since HF and KO molecules are strongly dipolar and
using the analytical expressions of the derivatives. For eachuadrupolar, the polarization effects due to the interaction
system, the total potentidl is minimized with respect to the between these multipole moments and the dipoles induced
position and the orientation of the adsorbed molecules. Then carbon atoms by the electric field of the permanent mul-
carbon tubes are assumed to be rigid and undeformable. Wgoles of the moleculeénduction contributioh are consid-
draw the potential energy mag,(z) by minimizingV with  erably larger than for the nondipolar species. In contrast to
respect to thex,y) position and @, ¢, ) orientation of the these latter molecules, the molecular axis of HF and the C
molecule for a fixed height of the molecular center of mass. axis of H,O bearing the dipolar moment tend to point per-
The z axis is assumed to be along the symmetry axis of thyendicular to the tube axis towards the carbon atoms. For
tubes and we studied the evolution of the energy map with HF, the stable adsorption sites are fieand G sites with
for the adsorbed molecules. A large sampling of initial posi-close energy values. The other two siteand E are much
tions and orientations of the molecules allows us to reachess stable. In the most stable sites, the induction energy
accurate equilibrium diffusion valleys in the bundle, without accounts for about 45% of the total energy, while this con-
artificial trappings into local minima. As it will be shown, the tribution was totally negligible for @or N,. For H,0, the
minimum search depends on the sensitivity of the potentiaiost stable site is the site while theG and T sites, anda
to small position and orientation changes, and on the accuortiori the E site, have much higher adsorption energies. In
racy of the parameters used in these calculations. the | site, the induction contribution represents 38% of the
total energy.
Il. RESULTS

A. Ideal bundles formed by (10,10 SWNT B. Non ideal SWNT bundles

While bundles formed by a single species of SWNT ap-
pear as a theoretical idealization, experimental adsorption

The adsorption energy of small nondipoléor very  studies of molecules on nanotubes are performed on NT's
weakly dipolar for CQ molecules in an ideal bundle formed with randomly distributed sizes, lengths, and orientations.
by (10,10 SWNT's is first determined in order to test the Studying the influence of random distribution of NT sizes
accuracy of the interaction potentM"®'~ 8. Such molecules requires to vary the radius of the tubes in the bundle and
which are present in the atmosphere as dominant elements thteir mutual distance. Therefore, we have calculated the ad-

1. Non-Polar Molecules : CQ, O,, N,, CO
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TABLE Ill. Calculated adsorption energ)y/) at 0 K in thevarious sitedsee the tejtand comparison
with available experimentaMgxp) and theoretical )y, for molecular mechanics calculations\éyp for
local-density approximatiordata.

Adsorbates Energy | G T E
CcoO, \% —222meV  —214meV —210 meV —113 meV
AV 5 meV 5 meV 5 meV 5 meV
Vipa (Ref. 19 —89—109 meV
Vexp (Ref. 38 —228 meV
O, \% —207 meV  —157 meV  —145 meV —101 meV
AV 2 meV 2 meV 2 meV 2 meV
Vuwm (Refs. 39,40 —148 meV  —155meV  —159 meV
Vipa (Ref. 19 —306— 509 meV
Vexp —192 meV3® — 155 meVA4 —100— 180 meV(Ref. 38
N, \% —78 meV —149 meV  —145 meV —76 meV
AV 2 meV 2 meV 2 meV
V\ pa (Ref. 10 —110 meV
CcO \% —120 meV  —142 meV  —137 meV —76 meV
AV 5 meV 5 meV 5 meV
HF \% —73 meV —193 meV  —204 meV —105 meV
AV 1 meV 11 meV 4 meV
H,O \% —370 meV  —253 meV  —204 meV —128 meV
AV 3 meV 10 meV 0 meV
Vipa (Ref. 19 —127— 143 meV

sorption energy 0 K of the three molecules N HF, and molecules in the same sequence. The different shape of the
H,O as a function of a single relevant parameterepre-  potential maps(cf. Fig. 3 showing the potential map for
senting the radius of the interstitial channel formed by thredH,0), with quasicylindric or triangular symmetries for tifie
NT’s when their radiug; and their mutual distancd are  or G and| sites explains why the; values are more dis-

changedr, is a linear function of ; andd, as persed than the, values. The energy curves for the groove
site have a more regular behavior with a very flat minimum.

2—3 d This can be understood in the present model by the fact that

1= T Frt ﬁ (7) " the molecules can move much more freely in the groove sites

(no constraint outside the bundl® keep their energy con-
which can thus be directly related to the size of the tubesstant and minimum. A more complete discussion of this situ-
and in a less direct way, to the size of the grodka. 1). ation will be given in Sec. Ill C.

Figure 2 shows the behavior of the adsorption energy of the Four domains for the energy behavior can be distin-
three molecules trapped in the stable adsorption §itds  guished in Fig. 2. When, is small, i.e.r;<2.8-2.9 A Tis
andG with the values of | . Since the distanceéis generally  the most stable site for the three molecules. This corresponds
defined with a rather small standard deviatiol=3.4  to values ofr; ranging between 5.4 and 6.1 A. Fqrvalues
+0.3 A, the variations of, will be mainly correlated with between 2.8 and 3.1 A, th@ site becomes the most stable in
the variations of the tube radius. Note that for an ideala very narrow domair(for H,O this domain is nearly re-
bundle formed by(10,10 tubes withr1=6.8 A (Sec. Il A), duced to values around 2.8 A). Increasing thevalues
the value ofr, is equal to 3.0 A, whenl=3.4 A. To evalu- (3.1=<r,=<4.5 A) changes the stable site which becomes the
ate the potential-energy evolution of each site as a functioh site. At still larger values of, (r,=>4.50 A), theG and|
of ry, two ways have been chosen. First, we have studied thsites have similar energies for the two polar molecules, while
potential energy in sitd whenr is varied and then trans- sitel remains the most stable fof, whatever, values. It is
posed it into a function of, using Eq.(7). Second, the particularly striking that the narrow domain 2.8—3.1 A cor-
potential energies for siteS and| have been calculated as a responds to values af; including the (10,10 tube radius
function ofd and then plotted vs, from Eq. (7). which appears to be among the most probable species in the
We see in Fig. 2 that the curves of adsorption energy; vs experimental distribution of tubes in a bundleA similar
corresponding to the adsorption siteand| display a single  behavior is found for the other molecules,GCO, and CQ
minimum, which is much sharper for the internal sSit¢han  (not given herg
for the interstitial sitd. In site T, the energy is minimum for Finally, let us note that the attractive adsorption energies
relatively small radii of the tubesr¢{=2.8, 3.4, and 4.1 A found for molecules with large sigma paramet@bout
for N,, H,O, and HF, respectively In site |, the energy 3.5 A) inside interstitial channébf radius 3 A) isa priori
minima are found for,=3.2, 3.1, and 3.3 A for the three surprising but can be explained differently in the nonpolar
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and polar cases. For nonpolar molecules, this attractive en- C. Encapsulated ideal SWNT bundle

ergy is only due to LJ potential. In the case of the .CO  gjince one of the goal of this paper is to determine the
molecule, we have checked that the repulsive contributioRypijity for SWNT to selectively sieve small molecules
given by the 12 C atoms nearest to the molecule is more thaghrough their diffusion parallel to the tube axis along The,
compensated by the large amount of small contributiongindG sites of the bundle, we discuss the encapsulated model
coming from the other C atoms of the 3 nanotubes. For HRas described in Sec. Il A. When t{29,29 tube, which en-
molecules, the phenomenon is completely different since theapsulates the bundle is not distorfeight part of Fig. 1b)],
effects of polarization contribute for 120 meV to the total the energy of theG site is exactly the same as for the free
energy whereas the LJ potential is equattd0 meV. This  bundle. In addition two symmetric energy wells nanted
stresses the importance of including polarization effect®ccur between th€l0,10 and (29,29 tubes. In Fig. 3, the
when studying the adsorption of small molecules with perpotential map drawn for O displays the characteristic
manent dipolar moment. shapes experienced by the molecule exploring the bundle,
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nels remain very small, as indicated by the values reported in
Table 1ll. It does not exceed 11 meV. However, the energy
barrier preventing the entry to some channels of the bundle
varies significantly with the molecular species, or from one
site to another sitEFig. 4@)]. While CO,, O,, and KO can
enter freely(no barriej inside the channels defined by the
three sites species, a barrier of 77 meV for HF, 65 meV for
N,, and 40 meV for CO prevents these molecules to enter
sitel in the bundld Fig. 4(b)]. Note that increasing the value
of r;, and thus ofr;, leads to the occurrence of a small
barrier(about 20 meYfor N, and HF entrance via thesite,
while no barrier is found via th& site.

D. Influence of molecular interactions in an ideal bundle

To complete our study on the parameters, which will char-
-10.00 - _ acterize the efficiency of SWNT bundles acting as molecular
4500 1000 500 000 500 1000 1500 2000 sieves, let us analyze whether the presence of a second mol-
ecule of the same species, through formation of a dimer ad-
sorbed in the same channel, can influence the results ob-
FIG. 3. Potential-energy map for,® molecule inside an en- t@ined for a single molecule. While there is no significant
capsulated ideal SWNT bundle. Only isoenergy curves correspondlflu€nce on the corrugation in a given channel, the interac-
ing to values less thar 120 meV are drawn. The circular curves tion between two molecules in a nearest-neighbor position
correspond to internal sit& the spherical triangles to groove sites could be strongly modified by the competition between the
G or G’ and the small triangle at the center of the figure to inter-Orientational dependence of the molecule-molecule and
stitial sitel. The small broken circles are drawn in superimposition molecule-bundle potentials. We give in Table IV the interac-
to indicate the walls of eact10,10 tube and the big broken circle tion energy between two molecules in the gas phiasst
indicate the(29,29 tube position. column of Table Iy compared with the interaction energy
between the same molecules trapped in their stable s&es (
with the triangular shape of the site the circular shape |, or T depending on the molecyleshen the total interaction
inside each tube and still a triangular shape for the confineg@nergyV™°'~ ¢+ vmel=mel is minimized with respect to the
groove sites. Note that the minimum isopotential curve doesrientations and the positions of the two molecules. For HF
not correspond to the tube or triangle centers but rather to thend HO, there is in general no significant misorientation of
external part of each geometric figu(@iangle or circle.  the molecular axes for most of the sites and molecular spe-
These wellsG’ are slightly more attractivéby about 15 cies. Furthermore the interaction energy in the dimer remains
meV) than the originalG sites for the three molecules con- close to the value found for the gas phases. By contrast, the
sidered here due to the influence of the confinenfefntrig. | site destabilizes, entirely, the orientation of the molecules in
2). Introducing a relatively abrupt distortion of tH29,29  the confined dimers (CQ) (CG,),, (O,),, and (N), with
tube as described in Sec. Il A, leads to the disappearance afconcomitant repulsive dimer energy. Indeed, the molecules
the G’ sites and the reoccurrence of a single site na@éd in the dimers become mutually colinear and parallel to the
[left part of Fig. 1b)] with a well significantly deeper by tube axis, instead of being mutually perpendicular fora@d
about 50 meV, for the three molecules, due to the influencél, and the centers of mass are mutually translated along the
of the (29,29 tube. It can be noted that encapsulation of thetube axis for CO and CO(Table V). On the basis of these
bundle modifies the shape and size of sites but it does results, we see that the orientational stability of the dimers in
not change the stability of the various sites found for thevacuum is generally kept when they are confined in their
perfect (10,10 tube bundle: TheG site appears to be the most favorable channels. Therefore the potential barrier hin-
most stable for M and HF while HO prefers to be adsorbed dering the dimer escape towards the gas phase is approxima-
in interstitial sitel. tively twice the barrier for the monomer while the barrier
This encapsulated bundle formed by thi@®,10 tubes preventing the molecule escape from a dimer breakness of
containing each 1040 atoms insidé28,29 tube of the same the dimer bond and from the bundle is enhanced by half the
length has been chosen as a model to determine the paramutual interaction in the dimer. Such an enhancement is par-
eters which will be used in forthcoming KMC calculations. ticularly significant for the polar speciggcrease by about
These calculations will describe the diffusion ability of the 50% of the barrier heightbut smoother for the nondipolar
six molecular species considered in terms of energy barriemholeculegincrease by 10 to 15% onlyForthcoming calcu-
required for each molecule to enter the bundle throughlthe lations are in progress to study the formation and behavior of
I, andG (G’ andG") sites and to diffuse inside the channels nanowires inside the bundle since it is expected that several
formed by these sites along the tube axis. Generally, oumolecules should be simultaneously adsorbed inside the
calculations show that the corrugations in the various chanehannels.
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IV. DISCUSSION

A. Comparison with available data on the adsorption energy

200 300 400 50l

For O,, the experimental data in the literature are issued
either from thermal desorptiéh*® or from adsorption iso-
therm measurement&*! The value obtained from thermal

We first focus on the accuracy of the moIecuIe-SWNTdesorpﬁOn 191 meV) is in very good agreement with the

interaction potential by comparing our results with available

theoretical and experimental datgable Ill). Using adsorp-
tion isotherm measurements, Bienfaital3® have recently
determined the adsorption energy of £@ SWNT bundles

formed by a distribution of nanotube diameters centered”

values calculated in thesites, while the data of adsorption
isotherms lead to slightly larger values, froril55 meV for
Wei et al** to — 180 meV for Bienfaitet al 3 in good agree-
ent with our results ol andG sites. Besides, these latter

around thg10,10 size. The measured energy, in good agree2Uthors assigned this energy t@ @dsorption inG site, and

ment with our calculations, was assigned to Cfsorption
in I andG sites without any further discrimination. THesite

found another energy{110 meV), which could correspond
to adsorption at the outer rounded surface of a tube, very

was excluded, based on the hypothesis that most of the tubé¥se to the value calculated in ske The available theoret-
were closed in the bundle. No other information about thigcal data appear to be much more dispersed. Molecular

molecule was available, excepted for the sorption at
the surface of single nanotubes. Zhaial found, using
LDA calculations, an adsorption energy varying fren89 to
—107 meV, depending on the positiéan top of a carbon
atom, in a bridged position or in a hollow sjitef the CGQ,

1

mechanical calculatiofi8lead to energy values very close in
T, G, and | sites (respectively —159, —155, and
—148 meV). Note that we find a more strongly attractive
site | for this molecule, in contrast with this latter result but
in a realistic range of energy. Usirap initio calculations

molecule. This latter value is fully consistent with our resultsperformed within LDA method, Zhaet al** found an en-

for site E.

ergy varying from—306 to —509 meV on the external sur-
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TABLE IV. Dimer energies and configurations determined for the various channels of the bundle and in
vacuum.® characterizes the angle defining the mutual orientation of the molecular axes in the dimer. A
geometric view of the stable configurations for the dimers in the channels is shown for each case.

Molecules Site G Site I Site T Vacuum
Ecmev) | 05) | Eqmev) [ 6,¢) | Exomew) [ 049 | Evimev) | 8,0)

CO, | -55 |10 4| rep. [0 ][ -61 [3,1] 64 [0
AL | 1!

0, [-12]8 | -13 ][50 30 [82]| -33 |87
! ! - -
N, | -31 [102][ rep. [5 ]| -31 |106]| -33 |99}
. ! *- -

CO | -32 {10 o] rep. [1 §| -32 [15,¢| -34 |10
? ]

HF | -237 [1Q8 | -231 [114 [ 236 |110 | -240 {120
! 7 ! ¢

' 3 *a b’ 3 ha'S

HO |[-272 (45 | 282 (45 | 280 |45 | -290 |45
2o B Laes! I 2’ R 2’

face of a tube. Based on the same type of calculationsyave shown that the most stable site for @d HO is the
Sorescuet al,*> Penget al,*® and Jhiet al* determined site| in the ideal bundle while it is the sit6 for N,, CO,
binding energies for © which range between-38 and and HF(for CO, the three site$, G, andT are very close in
—250 meV, with a significant charge transfer from the tubeenergy. Since all these molecules do not experience an en-
to O, molecule in some cases. This latter phenomenon isrgy barrier at the entrance of the bundle, we conclude that
probably at the origin of such a dispersion in the energyO, and HO (and in a less extent G will not occupy the
values. same channels than the other molecules. In other words,

The results for M in sitesG and T are also in very good Within the thermodynamic regime approximation an ener-
agreement with the average binding energy determined frorletic selectivity of the molecules occur via the stability of
adsorption isotherms by Wet al,** while the adsorption on the sites. It can be noted that experimental data have shown
the external surface of a tube appears to be 30% in error witf1at @ and N, could prefer theG site while adsorption iso-
graphene. Unfortunately, no data are available for the adsorp’€ G and! sites would not be distinguishable. Unfortunately,
tion energy of CO and HF, and values are only known fromWe have no experimental information regarding the preferen-
LDA method" for H,O adsorbed on the external surface. fial adsorption for HO and HF.

These latter values, ranging betweel45 and— 127 meV From a kinetic point of view, regarding the po_tential bar-
according to HO is adsorbed in top, bridge, or hollow sites Mers. which prevent the molecules to leave the ideal bundle
are fully consistent with our calculations in sie channels corresponding to their most stable sites, they can be

To summarize, this comparison, though unfortunately paridentified a 0 K with the adsorption energieSable Il).
tial due to the lack of previous information for some mol- Their heights vary from about 150 meV for CO ang, No
ecules, shows an overall satisfactory agreement of our resul@0 meV for HF and C@and reach 370 meV for jO.

empirical potentials in forthcoming simulations. Monte Carlo calculations will define precisely the energy
selectivity of the ideal bundle using the barrier height data.

However, the corrugation felt by any molecules between ad-
sorption sites along the tube axis direction is in fact very low
To discuss the role of SWNT bundles as a filter for smallcompared to the exit barriers and to the thermal energy at
molecules, we consider the ideal bundle made(X,10 ambient temperatur@bout 25 meV. This points towards an
tubes. The common feature for all the molecules consideredasy diffusion of all the molecules considered here, along the
here is the very small corrugation along the various channelaibes. On the contrary, a real competition between each mol-
in the bundle, at most 11 meV for HF, when compared to theecules indeed appears when considering the exit probability:
thermal energy at 300 KkgT=25 meV). We thus expect If one uses a very simple version of the diffusion probability
that the molecular diffusion will be governed by the friction described by an Arrhenius law and the same prefactor for
regime(space or energy limited diffusion modglaside the  every molecule, the time selectivity follows the barrier
channels, and by a possible potential barrier at the entrandeeight orderindFig. 4a)], i.e., desorption of CO andNirst
and the large potential barrier at the exit of the bundle. Weand then HF, C®, O,, and finally HO.

B. Parameters for the molecule diffusion in bundle
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Note that theT sites are also easily accessible to the mol-least at this step of the calculations. Decreagingreasing
ecules without any barrier at the tube entrance, provided ththe size of the NT's to open the possibility of new stable sites
(10,10 tubes are openédand keep their bulk symmetry at and thus to mimic the bundle heterogeneity shows that site
their extremities. Indeed, although they are not the mostT) can become more stable for most of the considered mol-
stable sites, free entrance and only very small corrugation argcules at 0 K. However these results should be supported by
found in T channels for all the molecular species studiedMD and KMC simulations and they should also account for
here. According to several experimental discussions, th&e number of available sites in a given bundle. This number
presence of oxygen, which tends to oxidize the tube extremifor the I, G, and T sites inside a hexagonal bundle can be
ties, has been shown to play an important role on the openingritten in terms of the numbers of tubes forming one side
and closing of the tube extremitiésAs a result, the tubes of the hexagon, as
seem to remain opened over too short durations to allow the

— 2
passage of the molecules. However tubes opened by ball m=6(n=2)%,
milling seem to stay open over long times and for tempera- nr=3n(n-2)+1,
tures well above room temperature in absence of strong oxi-
dizing specie4® Therefore, the possibility for the molecules Ng=6(n—2).
to diffuse throughT site channels cannot b& priori ex- ) )
cluded. For typical experimental bundi&the number of tubes;

A similar remark regarding the site accessibility can begenerally varies from 30 to 50 leading to=5 or 6. The
done for CO, N, and HF in thel site channels, and for,0 corresponding values fam, and ng aren;=54 to 96 and
and H0 in theG site channels. Indeed, although less stableNe =18 to 24. Itis thus clear that tHesites are predominant,
these channels could be kinetically possible, feradd H,O and in terms of probablllt_y, they Would_ behaveT as favorable
without any barrier at the entrance, and for CQ, ahd HF channels for HO and Q with large trappmg barriers. For.the_
with energy barrier heights around 50—70 mEig. 4(b)]. other molecular species, _the competition betwgen kinetics
The occurrence of these barriers can be understood by trfd thermodynamics requires additional calculations.
reorientation of the three molecules axes CQ, &hd HF at
the extremities of the bundle due to electrostatic effects,
while H,O, by changing its configuration at the entrance of

the bundle, does not experience any constraint to be ad- e have studied the adsorption of small molecules
sorbed in sitd. present in ambient atmosphere as dominant elements (N

When the size of the tubes in the bundle is varied, we©2), Pollutants(CO, CG,, H,O) or even tracesHF), in
have seen that the stability of the sites can change from sit@'der to provide information on the ability for these bundles
T to site| when the tube radius increases. At intermediatd® Pehave as selective molecular sensors, through their trap-
radii the G site can become the most stable adsorption posiPind and sieving properties. The aim was to characterize the
tion. Figure 2 gives us a complete overview of preferentialPhysical quantities(adsorption wells, corrugation, barrier
adsorption for the considered molecular species whatever tHiights, and aggregation trapsvhich will be used in mo-
tube size in the bundle. It is specially striking that most ofl€cular dynamics or kinetic Monte Carlo simulations. All
the experimental synthesized bundles display a mean didhe€seé quantities are issued from the knowledge of the
tance between nearest-neighbor tubes equal to+17.0 A. molecule-NT interaction potential which s_houl_d_ offer the
It corresponds to a value fof=23.0+0.2 A, which is about PESt compromise between accuracy and simplifiy rea-
exactly the range of radii for which th® site becomes the SPnable CPU timesThe first results show thai) including
most stable in our calculations. polarization effects in the interaction potential is required for

When the bundle is encapsulated in a lar@;29 tube, the polar moleculesiii) the_sieving properties of SWNT's.
the overall results are not changed, except for an increase §EPeNd strongly on the radius of the tubes and four domains
the well depth. For Bland HF, theG’ andG” sites substitute ©f Pehavior regarding the most stable site can be found de-
to G and they appear slightly deeper. Fo;Q04 the G site pendmg.on the radius valu.e(su) the corrugation inside the
energy is also enhanced but this site remains less stable th@qndle is very small, andiv) H,O, CG,, and G prefer

site]. When the encapsulated bundle is drastically deformednterstitial sites while the groove sites are more favorable
no inversion in the energy diagram can be found in our calenergetically for CO, Bl and HF. Selectivity in terms of

culations. TheG site is still the most attractive well for N P&rTier heights for escaping the groove sites can be efficient
and HF, whereas O prefers to adsorb inside site regarding the stronge_r trapplng_ of HF compared to CO and
To end this discussion, a homogeneous bundle formed b)l2: Molecular-dynamics and kinetic Monte Carlo calcula-
(10,10 SWNT's appears to provide some energy selectivity[l0NS are required to go beyond this preliminary analysis.
in terms of barrier heights for the molecule escape from
NT’s. H,O and Q molecules have a singular behavior re-
garding their most stable sitewith respect to the other spe-  The authors express their thanks to F. Berger, M. Bienfait,
cies which prefer thé& site. The HO molecule is also sin- and J.M. Vigoureux for fruitful discussions. One of us
gular by the barrier height which is much larger than for the(M.A.) would like to acknowledge the hospitality of CRMC2
other species. In contrast, the HF molecule does not displagt Marseille for one week, which welcomed him to perform
such properties and it cannot be discriminated so easily, asotherm adsorption experiments.

V. CONCLUSION
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