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Isotopic and spin selectivity of H, adsorbed in bundles of carbon nanotubes
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Due to its large surface area and strongly attractive potential, a bundle of carbon nanotubes is an ideal
substrate material for gas storage. In addition, adsorption in nanotubes can be exploited in order to separate the
components of a mixture. In this paper, we investigate the preferential adsorption\ar&us H (isotope
selectivity) and of ortho versus pai@pin selectivity molecules confined in the one-dimensional grooves and
interstitial channels of carbon nanotube bundles. We perform selectivity calculations in the low coverage
regime, neglecting interactions between adsorbate molecules. We find substantial spin selectivity for a range of
temperatures up to 100 K, and even greater isotope selectivity for an extended range of temperatures, up to 300
K. This isotope selectivity is consistent with recent experimental data, which exhibit a large difference between
the isosteric heats of Dand H, adsorbed in these bundles.
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[. INTRODUCTION pggents, the selectivity of component 1 relative to that of 2
is
The adsorption of gases within single-walled, carbon

nanotubes has recently attracted broad attention among S= (X1 /X2)/(y11Y5), Q)
physicists, chemists, materials scientists, and engirte&ts.
Experiments have shown that one can create ordered arrayéth X; (y;) the pore(bulk) molar fractions. Since two iso-
of nanotubes®?2 which form a close-packed bundi@r  topes have similar sizes, shapes, and interaction potentials,
rope of single-walled nanotubgSWNT’s). Ideal bundles of the sep_aration of isotopic m_ixtures is_a difficult. and energy-
nanotubes consist of very long strands of nearly parallefXPensive process, requiring special experimental tech-
tubes held together at equilibrium separation by intermolecul?idues, such as cryogenic distillation, diffusion separation,
lar forces. The small diameter and large aspect ratio of thi#S€/ isotope  separation, —or microwave molecular

. 34-36
nanotubes make them interesting systems for gas adsorptio%eparat'o'{ However, most of these processes have low

In such a bundle, physisorption may occur at four distinctSéIeCtiVity for separating flisotopes. Recently, a novel sepa-

sites: (i) inside the tubegendohedral adsorption(ii) in the ration technique called quantum sieving was predicted to be

. . , . _ particularly efficient for nanotube$:?®3"3%Quantum sieving
interstitial channeldIC’s) between three contiguous nano separates lighter molecules from heavier ones by selectively

tupes (exohedral adsorptign (i) in the grooves between a@sorbing heavier molecules. Such selective adsorption can
gdjacent nanotubes on the 'external surface of the bundle,g explained by the higher zero-point energy of the light
(iv) elsewhere on the outside surface of the bundle. In thigyecies which makes their adsorption relatively unfavorable.
paper, we assess the ability of nanotube bundles to preferegy antum sieving can be implemented when the adsorbate is
tially adsorb specific isotope and spin species. effectively confined to a one-dimensiordD) channel or a
Small atoms and molecules, in contrast to larger mol-2p surface or a small cavitfD). The selectivities observed
ecules, have been predicted to fit well in the IC’s of a nanofor adsorption of H isotopes on common substrates such as
tube bundle®**For such species, the IC’s environment pro- graphite, zeolites, and alumina are low, typically in the range
vides a large number of neighboring C atoms at nearlyf 1.1-32313°However, differences in zero-point energies
optimal distance from the adatom, so the interstitial bindingof the adsorbed species are expected to be particularly large
energy is larger than is found in other known environméhts. when molecules are confined in very narrow pores. Wang
The grooves also present strongly attractive environments fagt al. have shown that nanopores with diameters wider than
both small and large molecules. The binding energies irY A exhibit weak selectivity, while smaller nanopores were
these sites have been determined experimentally to be bgredicted to exhibit large selectivitiéd.Carbon nanotubes
tween 50% and 100% greater than the values orypically have diameters larger than 7 A, but the interstitial
graphite?* =2’ We note that the experimental results concern-channels are smaller, so that they have a pore size and solid-
ing gas adsorption in a bundle of SWNT'’s are controversiafluid potential which can effectively sieve mixtures o H
and there exists an experimental disagreement as to whethand D,. Indeed, path-integral Monte Carlo calculations at
or not gases have access to the IC’s. variable pressuré® yielded large isotope selectivity in the
Molecular hydrogen inside SWNT'’s is a particularly ap- IC. Our calculations are performed in the limit of low cov-
pealing system to study, since its adsorption in IC’s anderage(virtually zero pressupe using what we believe to be
grooves is relevant to both gas storage and isotopan improved gas-solid interaction potential.
separatiorf®—3! “Selectivity” is the term used to descrife The solid-fluid potential is usually modeled as a pairwise
the separation, or selective adsorption, of one species relatiwm of Lennard-Jonef._-J) interactions between adatoms
to the other species of a mixture. In a mixture of two com-and carbon aton$:?° We note that in previous papé?é®
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free space IC restricted rotational motion of Hand D, confined in
SWNT'’s contributes significantly to quantum sievitfg.
Their study, however, is substantially different from the

= ° present work, since they consider, Fhdsorbed within a
- single nanotube and approximate the rotational potential as
O —— — = that of the molecule on the axis of the nanotube. In addition,
i — p they employed a modified Lennard-Jones potential with
e and o parameters far different from the potential parameters
[ assumed in this work. They find significantly hindered rota-
=l — —o0 . tional spectrum for the adsorbed molecule for small nano-
0 I”OK P ° 240K“ j=t,m=1 tubes. Their results are qualitatively consistent with our re-
! 4 i=1,m=0 sults although we are considering quite different sites.
207Ki O K R The outline of this paper is as follows. In the following
Yop =0

section, we calculate the ortho-para selectivity as a function

FIG. 1. H, rotational spectrum in free space and in IC. The Of témperature T), taking into account the hindered rota-

number of lines in a level represents the degeneracy of that energ}fnal motion. In Sec. lll, we derive the specific heat due to
level. 0 andp mean ortho and para, respectively. the rotational motion of the adsorbed molecules. Section IV

presents results for the isotope selectivity of mixtures of H
the H,-nanotube potential was constructed based on the asnd D,. Section V presents calculations of the isosteric heats
sumption that the hydrogen molecule is a spherical objecdf H, and D, and compares these with the experimental re-
and the rotational hindrance of,Hvas not taken into ac- sults of Wilsonet al?* Section VI summarizes and discusses
count. In the present paper instead we adopt Kostov’s verthis work.
recent potentiat’ where the molecule is considered as a
rigid rotor and the potential includes three interaction Il. ORTHO-PARA SELECTIVITY
terms—the L-J interaction of the H atoms with all C atoms
and two electrostatic terms. We note that the L-J term refers In order to compute the selectivity of componentelg.,
to atom-atom(C-H) interactions and the potential parametersortho) relative to component 2e.g., paraat low coverage,
used are those of Novaco and Wroblew¥kiThe electro- We use the equilibrium condition relating the chemical po-
static terms describe the interactions of the diadrupole  tential of each component of the 3D vagoutside the nano-
moment with the local electrostatic field of C nanotubestube bundlesto that of the 1D gas adsorbed in the IC:
(found fromab initio calculation&®) and interactions of the

. . . . . vapor_ IC
H, static multipole moments with the image charges induced Mi =M ()
on the surrounding nanotubes. The large contribution to the .
- : . Wherei stands for each component, ortho and para. We em-
selectivity due to the rotational hindrance of I3 an effect, | tatistical hanics to find the chemical potential
which comes from all three interaction terms in our potential.'zoy statistical mec am_cs 0 find e chemical po enua
The model yields a strongly confining potential fog knd =(9F/oN)1y, whereF = =ksTIn Qs the Helmholtz free

D,, of depth about 1800 K160 meV), which alters the energy,Q is the canonical partition function, arg; is the

rotational spectrum and induces a large difference betwee uﬂf:ii@r??r?v%l%%gsé?wr:r. Inégﬁt:ﬁ;ﬁ -t?oennssi‘tr)é) (I,:;:]'g;:]e% [?gtrgflon
isotopic zero-point energies. As we will show, the calculated. 9y

difference between Hand D, binding energies is consistent lon, \_/|brat|on, and from transation of th? center of mass
with recent isosteric heat data of Wilse al?* This large (CM) in the presence of a transverse confining potential.

difference, when exponentiated in an Arrhenius expression at In the IC or gropve,_the_molecules are gssumec_i to move
. : s reely along the axial direction, so the fluid is described by a
low temperature, yields huge isotope selectivities in the | constanimean 1D densit The effect of corrugation on
and groove, far exceeding that on common sorbéets., the motion is sensitive toy,gésum tions about registr of ad-
graphite and zeolitgs P gistry

. 147 .
The rotational hindrance of Hnolecules adsorbed in car- jacent tube®*" and is neglected here. The CM transverse

. = .oscillation is described by the one-particle partition function,
bon nanotube bundles is a controversial issue. There exiStn . ' .
. The internal degrees of freedom consist of the intramo-

i ; i i q
g;gg{:umm?? tsndsz(t)r;,!p gexpn;rimaelfi(;?vﬂﬁndif?éreaﬁesaggﬁégnalIecule&gtvibrations_ and hindered rotations, describedyti§
which manifest large changes compared to the free rotatiof”lmdq , respectively. Therefore,
energy spectrurft The calculations of Kostoet al. indicate
that interstitially adsorbed Hhas a significantly hindered  FlC= _NK,TIn iq_cmq.vib(giqu)exr[_ci/(kBT)] ,
rotational motiorf1**The existence of a large rotational bar- ' pih '
rier leads to large splittings and shifielative to an orien- (©)
tationally invariant potentialof the H, and D, rotational
energy levelgsee Fig. 1 In this work we show that a con-
sequence of this hindered rotational motion is a significant
spin selectivity in the IC’s and grooves. ot

Recently, Hathorret al. showed that quantization of the —kgTIn(gig;"), 4)

e .
wi€=Ci—kgT In(ﬂ> —kgTIng‘™—kgT Ing”'™®
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wherei stands for para and ortha = \27%%/(mksT), g; is  cancel out inSand, in the end, the low coverage selectivity
the nuclear-spin degeneracy, abdis the interaction energy depends on just the even and odd partition functignsand
experienced by molecules due to the confining environmeng_ :

The partition function of the coexisting gas outside the
nanotube bundle has contributions from the 3D translation c, e
motion and from internal degrees of freed@wibration and _ (a=/9)
free rotation of the moleculgsThe free energy and the (qUaPoT/guareny
chemical potential are then

(©)

e i free A gqualitative understanding of the spin selectivity can be
in (gigi ) |, 5 achieved by examining the rotational spectrum. The ortho-
: para ratio in the IC, in the limit of higff, is the same as in
the gas phase. But since the energy spectrum changes in the
e vib free IC, the overall partition functions differ, with particularly
—keT lnﬁ_ ke In g™ —ksTIn(gigi™), large effects at lowl. Figure 1 contrasts the rotational spec-
(6) tra of H, in the IC (as computed by Kostgvand in free

. ) . space. In the IC, the reference energy is the energy the mol-
wheren; is the 3D density of ortho or para vapor outside thegcyle would have if it does not rotat€. = — 1275 K) 4
2

nanotube bundle. N
Experimental data of Williamet al. and calculations of
Kostov et al. indicate that the intramolecular vibrations are

essentially the same in the IC as in free spac8The CM gtate. The D rotational spectrum undergoes a similar alter-

oscillations depend only on the molecular mass, so they give,. ™. . )

the same contribution to the ortho and para partition func-il tt:ac')tg(g]bt:ti l](_:éObLI;t\)lvviltt:]] ?e:meaclletrosgI{jtif?;rtgr?tgrre?‘ggtgg)en-
tions. Finally, the only relevant contributions to the spin S av (Co — — 1445 K andpa sliahtly larger excitation en-
lectivity come from the even and odd rotational partition gy ( Dy ). ghtly larg

functions, denoted,, andq_, respectively, ergy to the {=1, m;=0) para stateabout 85 K.** The
shift in the first excited statéortho for H,, para for B)
i towards the ground statgara for H, ortho for D,) causes
g+= 2 E OimeXP(— B€jm), (7) the ortho to para ratio of fHimolecules, or para to ortho ratio
J=even m=-] of D, molecules, to increase substantially in the IC with
where8=1/(ksT), gjn, is the rotational degeneracyot in- respect to that in fr_ee space. In the groove site, these ratios
cluding the nuclear degeneracynd e, are the rotational are still larger than in free space, put smaller, however, than
levels. For the odd partition functiom( ), the summationin 1" the IC, due to the lesser confinement between the two
Eq. (7) is done only over the odd rotational levels. In free N@notubes in the groove site. At Ioiﬁgtall but the lowest
space, both Hand D, can be modeled as free quantum states yield negligible contributions ¢p°', so that the se_lec_-
rotors withg,=j(j +1) ande;,=j(j+1)B. Herej is the tivity ergnds only on the values of the lowest excitation
rotational quantum number ari=%2/(21), the rotational €Nergies in the IC and free space.
constant of H or D,. However, the different character of the
nuclear spinfermionic for H, and bosonic for B) imposes _ _ _ _
different conditions on the total wave functigantisymmet- SO:exp: Alerw™ €]+ 2 exi ~ flen €oo)]
ric for H, and symmetric for B), so that the nuclear degen- 3exf—2p8B]
eracies corresponding to even and odd rotational states are
diﬁerent:gizz 1, g'j2=3 and932=6, g?2=3. By conven- where the free space separation is twice the rotational con-
tion, the name ortho is given to the species with larger stastantB=85 K for H,.
tistical weight, so the even states are called para foaitl The results for the ortho-para selectivity are shown in Fig.
ortho for D,. Thus, at highT, the ortho and para molecules 2. We find that the spin selectivity is larger than 1 for an
exist in the ratio of 3:1 in the case of,lnd 6:3 in the case extended range of temperatures, up to 100 K in the IC and
of D,. ~75 K in grooves. This is consistent with the difference
The spin selectivity in the low coveragpressurglimit ~ between the excitation energies in the(Loove and in free
involves a ratio of densities, which can be found by imposingsPace which enters E@L0). As discussed above, the alter-

FY3POT= — NkgT In

vapor_

Mi

Notice that the groundpara state is shifted down from this
value by ~200 K and the first excited stat@rtho j=1,
m;=0) is also shifted down~ 60 K), close to the ground

, (10)

the equilibrium conditiof Eq. (2)]: ations of the rotational spectrum favor the bitho species,
whereas for B, the para molecules are preferentially ad-
(p_1pi)ic sorbed. Since the Hmolecules have a larger zero-point mo-
S= m ®  tion than D molecules, they experience more rotational hin-

drance and their spectrum is more altered in the
where — and + subscripts correspond to the odd and evencorresponding energy scale. Since the reference energy does
rotational states, respectivelprtho and para for k| para not count for the spin selectivity, this exhibits larger values
and ortho for B). All similar factors mentioned previously for H, than for D;.
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FIG. 2. D, and H, spin selectivity in IC and groove channel as R
a function of T. ' ' ' ' '

IIl. ROTATIONAL SPECIFIC HEAT
L= T

In order to compute the thermodynamic properties of the
adsorbate, one works with the composite equilibrium parti- - .

tion function: N
z T
qi2=s(2s+1)q, +(S+1)(2S+1)q_, (1) °
05
qr2=(S+1)(2S+1)q. +S(2S+1)q_, (12
whereS=1/2 for H, andS=1 for D,. We will discuss the ; . . ‘
H, case and point out the differences in the case gf ID % 100 200 300 400
many circumstances, Hs not in thermal equilibrium as re- b T(K)

gards the relative magnitudes of para and ortho components,

because the probability of flipping the nuclear spin is very FIG. 3. Ortho(dashed ling para(dotted ling and nonequilib-
small (the lifetime in free space is-1 yea). Therefore, the rium (full line) specific heatwithout spin equilibrationof H, mol-
transition probability of a molecule from one nuclear-spinecules(a) in IC, (b) in free space.

state to another is negligible during a specific-heat experi-

ment. Consequently, the sample may be viewed as a non- (€20— €gg)€ Fle20™ <00

equilibrium mixture of two independent species, which give Cp=Nkg , (15
additive contributions to the heat capacity, (1+ e Aleao™<00)?2
Cnoneq: prp-I- fOCO . (13) 2(611_ 610) e—ﬁ(ell— €10
Co=Nkg (16

Heref, andf, are the para and ortho molar fractions. In an
equilibrium mixture these depend on temperature, whereas in

a nonequilibrium mixture their relative concentrations are 11,5 at lowT. the para and ortho heats in the IC depend
determined by the initial conditions. In our calculations, Weonly on the excitation energies{f,— eog) and (e;1— €10,

let thfe Ba;a ancé foriho/ molﬁr fractions dhavr; their h'I;gVe;: respectively. Figures(d,b show a comparison between the
ues:f,=1/4 andf,=3/4. The para and ortho specific heats , 5 ortho, and nonequilibrium specific heats in free space

(1+2e Aleni—€0)2

(in the low-density limi} are and in the IC. Notice that, at oW, in the IC the main
contribution to the net specific heat comes fr@y, whereas

Cpo=N, OkBi(Tziln q. _>. (14) in fr_ee_space it comes froi@,. This is related to the fini_te

2RdT\ dT ’ excitation energy €;,— €,0) between {=1) ortho states in

the IC, which are degenerate in free spéme Fig. L It can
At low T, only the lowest levels contribute to the specific be shown that the peak in the heat capacity occur¥ at
heat. Let us consider only the first two levedgy and e, for ~A/(3kg), whereA is the first excitation energy present in
the para species, ard, and €44 for the ortho species. Ap- a specific problem. Therefore, in free space the para peak is
plying the formulas above, the para and ortho specific heatat about 80 K, while in the IC the ortho peak is at about
are 75 K.

035410-4



ISOTOPIC AND SPIN SELECTIVITY OF H. .. PHYSICAL REVIEW B 67, 035410 (2003

2

10000 —r— 5
E ] 3
E E
Eot 3
' ]
) ]
: " J
L5 N 10005 =
> \ 3
= [} ]
z ‘ ]
g A 1
L B \l
& 100 = \ E
g E 5 3
=) - A 4
- F A -
g L N 1
R \
AY
10 . 3
F N 3
. N freeneans [ I . [OSRSEaiaiaial aliirisisiots
0 50 100 150 200 250 300
T(K)

FIG. 4. The equilibrium rotational specific heat of Hull line)

and of D, (dashed ling FIG. 5. Isotope selectivity in the ICfull line), groove(dashed

line), and on graphitédotted ling.
In some environments, however, the ortho-para conver-

sion may occur quicklye.g., due to magnetic impuritiedn —_— 2 g Pho
this case, the net rotational specific heat is obtained from the Qvib= n§=:0 A :(1—97“’)2, (19
composite partition functiopEgs. (11) and(12)]:
wherew is the frequency of the CM oscillations, found from
_ df_,d the force constant. The rotational hindrance is expressed in
Ceq_NkBﬁ T ﬁln Grot | - 17) terms of the rotational energy shifts,,; and the additive

o N constants(C) in the expansion of the rotational part of the
At low T, the equilibrium specific heat depends only on thejnteraction potential® This additive (reference energy is

(€10~ €00) €Xcitation energy: also diferent for B and H,. The rotational hindrance leads to
a shift of the binding energy of each speci€s;=—(C
+ho+ €q).

The equilibrium condition for each species=D,,H,)
yields the ratio of IC p;) and vapor ;) densities for each
species, which is then used to find the isotope selectivity,

(€10~ €go)€ ™ Aler0™ <00

Ceq=Nks (1+e Alewo—€00)2 - (18

The equilibrium specific heats of Hand D, in the IC are
shown in Fig. 4. In the case of JH there is a substantial
ortho-para conversion peak at about 20 K, followed by a

_ _ : pi_ o, exp—phe) exp—pC)arg
gentle rise above 75 K, corresponding to ortho-ortho excita- —=A\

=M\ (20
’ ! 2 free
tion. However, in the case of D the ortho-para conversion i [1—exp(—Bhao)] Arot
appears only as a small bump at about 25 K, since the molaFfhe isotope selectivity is
weights of para and ortho species are now different. At high
T, the rotational specific heat per molecule goekgo the PL>2/PH2
classical result for a free rotor. :m- (21)
2 2
IV. ISOTOPE SELECTIVITY Equation(20) implies that at lowT, the main contribution to
selectivity comes from the difference between the binding
Let us now consider a mixture of-and D,. The equi-  energies:

librium condition between the 1D gas adsorbed in the IC’s or
grooves and the coexisting vapor outside the nanotube Sy~ } exf —B(Cp.+%wp +6502—CH —howy —6302)]
bundles is given again by E@): u!®=u2P°", where now : : ? ?

i stands for H or D,. The partition functions and the chemi- = %exp{ﬂ(EEz— EEZ)], (22
cal potentials of each species consist of the same factors, but

their meanings are different. For example, the rotational par- Figure 5 displays the results of our calculations for isoto-
tition function is given now by the composite partition func- pic selectivity in the IC’s and grooves of &h8,0) nanotube
tion [Egs. (11) and (12)] of each isotope. Since the,tand  bundle, and on graphitdéor comparison All three surfaces
D, species have different masses, their zero-point energigavor D,. However, the isotope selectivity in the IC and
will be different, and these will give a nontrivial contribution groove is much larger than that on graphite and within the
to the selectivity(as will differences in the rotational ener- tubes?® Even at 300 K the selectivity in the IC and groove is
gies. The transverse CM oscillations of the molecule in thesubstantial, due to the large difference between theaid

IC or groove are treated as excitations of a 2D harmonidd, binding energies. This large difference comes primarily
oscillator. The corresponding partition function is from the zero-point energgbut the difference between the
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TABLE I. The zero-point energiesi(), rotational energy referencé€) and shifts €y and binding
energies E,) (expressed in Kelvin D,—H, means the difference between the corresponding values.

fiw'c f w9roove CIC Cgroove Elo% Eg(r)oome ELC Egroo:;e Egraphite
D, 762 266 —1445 —970 —133 —62 816 766 517
H, 1077 370 —1278 —880 —206 —93 407 603 482
D,—H, —315 —-114 —166 —-90 73 31 409 163 35

rotational energies also contribute$able | presents our re- whereP is the pressure of the vapor outside the nanotube
sults for the different contributions to the binding energies.bundles. In our model, at low density, the dependencE of
The difference between .Dand H, binding energies is on T can be found from the equilibrium conditigiq. (2)]
~400 K in the IC and~170 K in the groove, much larger using the ideal-gas formulaa=BP. Finally, the isosteric
than the difference of-35 K on graphite’! When exponen- heat is

tiated, these differences lead to the very large selectivities

found in the IC and groove. d (qiS/qfree)
We may compare our results with previous calculations. Qst=2kgT—7iw—C+ ag)| "o sz (24)
Challaet al. have studied isotope selectivity at variable pres- (1-e )

sure in the interstices @1.0,10 nanotube bundle, using ideal

adsorbed solution theoyAST) and path-ingggral grand ca- involving the derivative with respect i@ goes to— e
. : ; ] i ~ €00
nonical Monte Carlo simulation®|-GCMC).“ At low pres (€10 eoe P10 <001 2Be 2B, where egy and ey are

sures, the IAST and PI-GCMC results converge to the anath first t tational levels. Theref t Tovih
lytic zero-pressure results. In their calculation, only the. € irst wo rotational energy 'evels. Theretore, at loythe
posteric heat is a measure of the binding energy:

transverse zero-point energy is considered, i.e., rotationa

motion is ignored. The selectivity calculated by them at 20 K Qo= Ey+ 2ksT 25)

and very low pressure (182 atm) is about 700(10,10 and stm=b T eRB D

(18,0 nanotubes have similar diametéds3.6 and 13.8, re- ginceE,= — (C+%w+ €qg).

spectively, so the interstices of a closed-packed nanotube The jsosteric heat can be found experimentally by taking

bundle are similar, too{6-A diamete. the difference between two nearby isotherms. Recently, there
Recently, HathOI’ﬂBt a|.38 ha.Ve estimated the quantum ef' have been reported experiments Of adsorption phm |—b

fects due to the restriction of the rotational motion Qfa‘hd in carbon nanotube bund'é‘éwhu:h show isosteric heats in

D, adsorbed within a single nanotube. Their results reveahanotube bundles to be a factor of 1f6r H.,) to 1.8 (for

significantly enhanced rotational separation fagg®lectiv- D,) larger than those on graphite. This means that tharil

ity), which at 20 K is of order 1D The zero-pressure isotope 1, binding energies are almost twice as large as those on

selectivity calculated by us at 20 K, in the interstices ofgraphite. Moreover, the difference between isotope isosteric

bundles of(18,0 carbon nanotubes is of order®1@ur re-  heats, which again is related to the difference between iso-

sults differ to such a large degree since we considered bottta)pe binding energies, was found to be about 200 K, much

zero-point and rotational contributions to selectivity and Wegreater than the difference of about 35 K on grapHit€his

used a slightly deeper, solid-fluid potential. The stronger thgs a mark of the greater confinement of molecules adsorbed

confinement, the larger the difference between the isotopg nanotube bundles than on the surface of graphite; the con-

zero-point energies and between the rotational energies. Prgnement leads to the enhanced separability of isotopes found

vious calculations insidé5,5 nanotubes at 20 K yielded in the preceding section.

much lower isotope selectiviti€S At low pressure, the com- e performed calculations of the isotope isosteric heats in

puted selectivity of tritium to KHis 23, and that of tritum to  the low-density limit[Eq. (24)]. Table Il and Figs. @&,b

Dy is 1.7; henceSy(D,/H;)=13. Thus, even if the inner compare the results of the calculated isosteric heats and the

channels of(5,5 nanotubes have about the same radiugow coverage experimental dataTat 85 K. The experimen-

(3.3 A) as the IC’s 0f(18,0 nanotube bundles (3.3 A), the tal procedure of Wilsoret al. does not reveal where in the

computed selectivity in the IC is much larger due to thenanotube bundle the adsorption occurs. Since the experimen-

different arrangement of the carbon atoms in the IC, whichg| isosteric heats are much larger than on graphite, one as-
yields greater confinement.

At low T, the excitations can be neglected and the term

TABLE Il. The isotope isosteric heat®) in the IC, groove, and

experimental resultgexpressed in Kelvin
V. ISOSTERIC HEAT

IC groove
The isosteric heat is defined as calc Qcalc Qexp
D, 991 901 110690
d(|n P) H, 617 764 90&:70
=" "dg | (23 D,—H, 374 137 208110
N
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ol v ¢ T T T proximations, we believe that our results are compatible with

an adsorption in the groove, rather than the IC. This is also
experimentally plausible, since the external grooves are more
accessible for adsorption than the IC’s. Indeed, the IC’'s may
1 be completely blocked, preventing any adsorption there.

b _

-
-

1000

s
-
-
o -
.o
-

VI. SUMMARY AND CONCLUSIONS

Q)

soo- ’ . We have investigated the spfartho versus pajaand the
""" . isotope (DB versus H) selectivity at low coverage in the IC
250k - a_md groove channel of18,0 na_lnotube bundles. The rota_-
A tional hindrance of molecules in the IC and groove site in-
duces shifts and splittings in the rotational spectrum, en-
abling the nanotube bundles to preferentially adsoylmitho
molecules and B para molecules. Our calculations show
substantial spin selectivity for temperatures up-tb00 K in
wsob 1.+ T+ T T T T T T ] the IC and up to~75 K in the groove. At low temperatures,
the alterations of the rotational spectrum in the IC induce
° new features in the ortho heat capacity, as the ortho-ortho
1000 7 peak. The H equilibrium heat capacity exhibits a distinctive
] ortho-para conversion peak at20 K. The different features
750k T T of nonequilibrium and equilibrium heat capacities may be a
way to check the existence of the ortho-para conversion of
H, and D, adsorbed in nanotube bundles. In the case of the
S001= 7] isotope selectivity in nanopores, zero-point motion favors the
] heavier isotopé® and the rotational motion enhances the
250 i preferential adsorption of the heavier isotdpé® We find
substantial isotope selectivity even at temperatures as high as
e 300 K in the IC and groove. At 20 K, our calculations at low
% 50 100 150 200 250 300 coverage(consequently zero pressurgield isotope selec-

(b) T(K) tivities of order 18 in the IC, orders of magnitude larger

than the low-pressure limit found in the calculations of Wang

FIG. 6. The calculated }(dotted ling, D, (dashed ling and et al. and Challaet al. Our much larger isotope selectivity is
the difference R—H, (full line) isosteric heat$a) in the IC and(b)  a consequence of the stronger confinement in the 1C, which
in the groove. The experimental values at 85 K are shown in Symyie|ds |arger Zero_point and rotational energies_ The differ-
bols: circle for B, square for H and triangle for the difference once between the JDand H, isosteric heats in the groove
D2~ H,. (~135K) is close to the value found experimentally

~200 K). We conclude that carbon nanotube bundles are

sumes that the adsorpnon environment shoul_d be eﬁher th eal surfaces for spin and isotope separation, providing a
IC or the groove site. Our calculations of the isosteric heat?)otential technology of quantum sieving

in both IC and groove are lower than the experimental re-
sults. The calculated difference betweendhd H, isosteric
heats(374 K) in the IC is much larger than the one found
experimentally, but the differencéd 37 K) in the groove is We acknowledge stimulating discussions with J. K.
closer to the experimental differen¢200 K). In addition, Johnson, M. M. Calbi, T. Wilson, M. J. Bojan, O. Vilches, P.
the calculated binding energiésee Table)lfor D, and H in Sokol, D. Narehood, and D. Stojkovic. This research has
the grooves are consistent with the experimental results andeen supported by Petroleum Research Foundation of the
show that the adsorption on the grooves is much more likelYAmerican Chemical Society and Air Products and Chemi-
than on the IC at lowl. Assuming the accuracy of our ap- cals, Inc.

L s | L | L | L |
0 50 100 150 200 250 300
(@ T(K)
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