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Thermodynamic properties and correlation functions of Ar films on the surface
of a bundle of nanotubes
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We employ canonical Monte Carlo simulations to explore the properties of an Ar film adsorbed on the
external surface of a bundle of carbon nanotubes. The study is concerned primarily with three properties:
specific heat(T), differential heat of adsorptiogy, and Ar-Ar correlation functiong(r). These measurable
functions exhibit information about the dependence of film structure on coverage and temperature.
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I. INTRODUCTION property is the differential heat of adsorptiorgy=
—(JdE/éoN)1, whereE is the energy of the film. This quantity

Considerable interest has been attracted recently t0 the ¢josely related to another quantity, which is more often
properties of simple gasésoble gases and small molecyles measured  experimentally, the isosteric  heaty,
adsorbed near bundles of carbon nanotdb¥sThis subject =[4(In P)/B]y [where B=1/(ksT)], by the relatioR gy

has been reviewed recentf* The adsorption of these

5
(e.g., when endohedralggmolecules are formed® or after transform to results of diffraction experiments. With the ex-

H &9 .
chemical treatment to open the tub&s” The presence, or ception of the isosteric heat calculated by Shi and Joh#son,

abser}ce,_ of interstitial chfanné_IC) moIecuIes.|s an open hone of these properties has been explored in simulation
question in the case of an idealized bundle of identical IUbesétudies of films on nanotube bundles, prior to the present
there seems to be no doubt, however, that such IC adsorptig) '

; . ork.
occurs in Ia_\bo_rgto_ry sample_s of polydlspe_rse tities.con- _ The outline of this paper is the following. Section Il sum-
trast to variability in adsorption at these sites, the adsoerorﬂ1

f h | surf f the bundle i bigui arizes our simulation methods. Section Il reports results
of gas on the ‘?Xte”.‘a surface o the undleis a u qu|tou§0r the density and correlation functions. Section IV presents
phenomenon, in which the film coverage increases with th

Fesults for the thermodynamic propertiesndqg. Section V
pressuréP) of the coexisting gas. In that exohedral environ- y prop ANAG

X . summarizes our results.
ment, an adatom is strongly attracted to the groove region

between two neighboring tubes; there, the film forms a
quasi-one-dimensional phase. Further adsorption at low tem-
perature(T) is predicted to manifest a so-called three-stripe  When not explicitly contradicted in this paper, it may be
phase of gas aligned parallel to the groo¥eat higher gas  assumed that the physical system and computational method
coverage(N), there occurs a two-dimensional monolayer are as described in I. The prifiyamodel system is a bundle
phase, qualitatively analogous to that found on the graphitef infinitely long, cylindrically symmetric carbon nanotubes
surface??23At even higher coverage, a multilayer film grows of identical radii equal to 6.9 A. Only two adjacent nano-
asP increases. There is an upper limit of total film coveragetubes on the external surface of the bundle are simulated.
set by the bundle’s curvatufé?® this limit has yet to be They axis is parallel to the nanotubes, and thexis is
explored. directed away from the surface of the bundle. Periodic
This study extends a previous investigatfoof the ad-  boundary conditions are imposed in theandy directions
sorption of Ar gas on the external surface of a nanotubgapproximating the surface of the bundle as an infinite plane
bundle. Argon was chosen as a model adsorbate because dsnanotubek reflecting boundary conditions are imposed in
gas-gas interaction is well known, making it a standard fluidthe z direction. The unit simulation cell, whose volume con-
in the study of simple fluids. In the previous study, denoted ltains half of each of the two adjacent nanotubes with the
we employed the grand canonical Monte Carlo simulationgroove in between them at the center, is 17 A inxtairec-
method to explore the evolution of the equilibrium film as ation, 34 A in they direction, and 40 A in the direction.
function of P andT. The present paper, stimulated by recent The simulations were done in the canonical ensemble,
and proposed experiments, adds three results to those deriveather than the grand canonical ensemble more commonly
in the previous study. One property is the specific hedi), used in adsorption simulations, in order to facilitate the cal-
which is computed here from energy fluctuations, evaluatedulation of the heat capacity. Two Markov Chain Monte
using simulations within the canonical ensemble. The secon@arlo simulation methods were used, the Metropolis

1. COMPUTATIONAL METHODS
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algorithnt®2° and the Wang-Landau algorith#32The Me-  to estimate a lower bound on the energy Hires, the ground
tropolis algorithm was used to calculate configurational ob-state energy®* The simulation can also become trapped for
servables, such as density distributions and correlation fundeng periods of time in regions of high degeneracy, so that
tions. The Wang-Landau algorithm was used to calculatenergies with smal§j(U) go a long time before being revis-
thermodynamic observables expressible in terms of enited. To remedy this, the energy bins can be broken up into
semble averages or their derivatives, such as specific araVerlapping subranges; ergodicity can be achieved more rap-
isosteric heat, for certailN; the Metropolis algorithm was idly if the interval of energies to be traversed is smaller.
used to determine the fuNl dependence. Separate simulations are performed in each subrange, pro-

The Metropolis algorithm proposes new configurationsducing independent estimates gfu). Some care must be
and accepts them with a probability equal totaken in combining them into an estimate g{tJ) over the
min{1,P(x")/P(x)}, whereP(x) andP(x") are the probabili-  full energy range: because each simulation calculates only
ties of the old and new configuratiomsandx’; this accep- therelative density of states, the estimates will not generally
tance rule causes the random walk to converge to the prolmatch up at the boundaries of the subranges. To overcome
ability distribution P(x). By choosingP(x) proportional to  this, each subrange estimategot)) is rescaled by a constant
the Boltzmann factor eXpBU(x)], whereU(x) is the poten-  factor that minimizes the least-square error indgg) wher-
tial energy of the configuration, the Metropolis algorithm ever two neighboring subranges overlap in enéfgyhis
uniformly samples configuration space. For the Metropoliscorresponds to choosing normalizing fact@s that mini-
simulations of eackiN, T), 4x 10" Monte Carlo moves were mize the sum3;{log[g,(U;)/C,]-log[g,-1(U,)]}? over the
discarded during the initial equilibration to converge the al-overlapping bingJ; (whereg, denotes the density of states
gorithm to the Boltzmann distribution, thenx4l(® moves  simulated over subrang®, and then rescaling,(U) by C,.
were generated, from which 48amples were drawn to per- For the Wang-Landau simulations of eagh1500 equal-
form simulated measurements of system observables. sized energy bins were used in a rafige,, 0], whereU,

The Wang-Landau algorithm, like the Metropolis algo- js the ground state energy. The 1500 bins were divided into
rithm, also proposes and accepts configurations with a prolfour overlapping subranges, simulated separately, consisting
ability equal to mif1,P(x')/P(x)}. However, it chooses of the bins numbered 1-150, 76-787, 713-1425, and 1351
P(x) to be proportional tdP[U(x)]=1/g[U(x)], whereg(U)  1500. A histogram was considered “flat” when the number of
is the (relative) density of states, thus uniformly sampling visits to any particular energy bin was less than +20% the
energyspace(instead of configuration space, as in the Me-average number of visits to any bin. The minimdnfactor
tropolis algorithm. It dynamically refines its estimate of the wasf,,=1+107°.
density of states by counting each visit to a state of a given
energy U (or, rather, within a small range of energies
€ [U;—€/2,U;+€/2] about an energy bib); of width €), and Il. CORRELATION FUNCTIONS

multiplies its running estimate aj(U;) by a constant factor ) ) ) )
f. It continues the random walk until each energy is visited FOF the purposes of this paper, the three-dimensional pair

approximately uniformly(a “flat histogram” of visits in en- correlation function is defined as the probability dengity)

ergy spack whereupon it reduces the factér- Y2 and that two particles are separated by a relative displacement
starts another iteration. The algorithm terminates whém IS ProjectionG(x,y)=Jdz dr) into thexy plane is depicted
reduced to a preset minimum greater than unity, with value§? Fig. 1. The contours become V\{Ider and more Irregular' at
closer to unity yielding more accurate estimates of the denbigher temperatures, as the particles are thermally excited

sity of states. out of their well-defined low temperature sites.
Once an estimate af(U) is produced, it can be used to !N the top pair of panels, one observes the nearly periodic,
calculate the partition function directly guasi-one-dimensionallD) order within the groove. As

studied recently in connection to nanotube adsorpttoff,
_ _a this phase may undergo a phase transition due to the weak
Z~ f dx 10 = 2 g(ue . @) interactions between particles in neighboring grooves. In the
' second pair of panels, one observes that the correlations
Thermodynamic quantities can then be calculated from the&vithin the three-stripe phase are weaker and even rilore
partition function, as usual. One advantage of the Wangedependent than those in the groove phase. At 90 K, at higher
Landau algorithm over the Metropolis algorithtand the coveragdgseen in the middle four panglghe stripes are not
main reason for using it for this stugis that, because tem- as straight, primarily due to transverse excitati@s dis-
perature dependence appears only in the Boltzmann weiglsussed in Sec. IV L Note that the half-filled stripe case
exp(—BU) and not in the density of statgéU) itself, a single  (N=18) is somewhat less ordered than the completely filled
simulation ofg(U) can calculate thermodynamic observablesthree-stripe caséN=27), as is expected. The bottom panels
for all temperatures at once. of Fig. 1 exhibit a highly correlated anisotropic two-
Some modifications and improvements to the originaldimensional(2D) solid at 60 K, the order of which washes
published Wang-Landau algorithm were implemented.out nearly completely by 90 K, as the monolayer melts.
Boundary effects were properly handf&dTo adapt the Previous experimental studies of Ar adsorption onto pla-
original lattice-based algorithm to continuum systems, prenar graphité'-#4found that the melting temperature depends
liminary Metropolis runs at low temperature were performedon density, starting near 55 K at low density, and increasing
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I density limit (N=1); the groove(N=9), three-stripg(N=27), and
ao il monolayer(N=54) phases; and the theoretical prediction of the
low-density limit given by the dimensional crossover mo¢ttk-
cussed in the text
9 ]
< . .
= g(U) calculated with the Wang-Landau algorithm, the expec-
L] tations may be calculated frof))=Z7"13,U;exp(-BU;), and
oA similarly for (U?). The heat capacity was also estimated di-

" _4xj| [A]G R rectly from the derivativédE/JT), by means of a finite dif-
ference approximation. These latter estimates, while consis-
FIG. 1. Equ|pr0bab|||ty contour p|o’[s of the projection into the tent with the ﬂuctuation estimates, were “nOiSiel’” and are not
xy plane of the pair correlation functioG(x,y) for, from top to ~ considered further in this paper.
bottom, N=9 (groove, N=18, N=27 (three-stripg and N=54 The simulatedc(T) for the groove, three-stripe, and
(monolayey, at T=60 K (left) andT=90 K (right). Distances are in monolayer phases is shown in Fig. 2. Note that the overall
angstroms. Note that the vertical axis scale is compressed relative toend is forc(T) to have a remarkably high value, in the
the horizontal. range 3—-7 Boltzmanns, much higher than might be expected
from simple quasi-one-dimensional and two-dimensional
with density. Although the system studied here differs frommodels. We do not have a detailed quantitative model to
that experiment in geometry, we expect the melting temperaexplain all of the observed features, but we can give a quali-
ture of the monolayer in our system to similarly increasetative explanation of its behavior. The explanations are jus-
with density. The corrugation of the nanotube bundle shouldified by examining the probabilities of finding particles at
elevate the melting temperature somewhat compared to @ven energies in the external potential, Fig. 3, indicating the
planar surface, as the grooves will serve to more strongljraction of particles that are in the groove, stripes/monolayer,
confine the film's structure. etc. (quantified in Table )l
Bienfait et al. have measured diffraction patterns for Ar
on nanotube bundl€sProbably due to heterogeneitjor
which there exists evidence in bare surface diffragtiohe . i -
diffraction data are not easily interpreted. There is, however, Consider f”?F the lO\_N'denS'ty limft: At low tempera-
definite evidence of 1D interatomic spacifig., a peak at tures, the. specific hez_it is near 2.5 Boltzmanns. This is to be
wave vectorq=17/nn) at low coverage and 2D close- expected: the three kinetic dfagrees of freedom eaph cor_1tr|b—
packed spacingpeak near 20/nm ute th(—;- usual 1/2 Boltzmann_, the two transverse d|mens_,|ons,
for which the external potential is approximately harmonic at
its minimum at the center of the groove, each contribute
IV. HEAT CAPACITY another 1/2 Boltzmann. As the temperature increases, a peak
A. Overview in the specific heat occurs near 170 K when substantial num-
_ _ . . bers of adatoms are promoted out of the groove and into
The isochoric specific heat(T)=(dE/dT)v/N, i.e., the  monolaver sites elsewhere on the surface of the nanotubes
heat capacity(per particle at constant volume, was calcu- (see Table)l As T—x, the adatoms desorb from the surface
lated from ensemble averages. It is kndWthat the heat  ajtogether, andt(T) approaches the 3/2 Boltzmanns of the
capacity can2 be gven in terms of energy fluctuationsyree kinetic degrees of freedom of a pure vagdhis will
(GE/dT)y=((E)~(E))/ (kgT*), where(.) denotes an expec- e the case for all other densities as well, in the highmit.)
tation taken over the canonical ensemble. The equipartition These conclusions are corroborated, as mentioned, in the
theorem gives the kinetic energy contributioni; per de- first row of Fig. 3; these results, in the low-density limit, can
gree of freedom to the specific heat, yielding a tat@l)  also be understood by examining the so-called “volume den-
=§kB+(<U2>—<U>2)/(NkBT2). Given the density of states sity of states*® f(U), defined such that(U)dU is the volume

B. Low density
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-1600 -800 0 -1600 -800 0 -1600 -800 0 FIG. 4. The functionf(U) (unscaled, giving the volume of
U (external) [K] U (external) [K] U (external) [K] spacef(U)dU enclosed within a range of external potential energy
N=54,T=20K N=54,T=80K N=54,T=140K [U,U+dU].
o o o The'qual|tat|ve fprm of th|§ figure can be explameq by
1600 B00 O -1800 800 O  -1800 800 © appealing to a previously studied analytic model, the dimen-

U (external) [K]

U (external) [K]

U (external) [K]

sional crossover modél.This exactly soluble model ignores

interparticle interactiongan assumption appropriate for the
low-density limit) and treats the nanotube bundle as consist-
ing solely of two regions, a one-dimensional groove region
approximated by a harmonic potential in the two transverse
dimensions, and a two-dimensional planar monolayer region
approximated by a harmonic potential normal to the surface.
of space bounded by infinitesimally separated isopotentidEvaporation from the monolayer to vapor is neglected. Its
surfaces,U < U< U+dU. This function is related to the (configurational partition function is given by

energy probability density?(U) in Fig. 3 at low density by
P(U)=pf(U)exp(-BU), where p is the number density of
particles. By dividing an estimate d¢¥(U) at a given tem-
perature(here, T=300 K) by the exponential Boltzmann fac-
tor, we obtain an estimate proportional to the volume density
of statesf(U), depicted in Fig. 4.

FIG. 3. The relative probability?(U.,) of finding a particle at
an external potential of.,, for the low-density limit(N=1), and
the groove(N=9), three-stripe(N=27), and monolayenN=54)
phases, for various temperatures.

_ 2. B[V +(1/2)ar?
Zcrossover‘f d re B[ g ( )(1’ ]
groove

+ L f dz e—B[Vm+(l/2)km22]’ 2)
mono

_ , where the parameter¥ =-1671 K, «=4898 K/A?, V,,
TABLE |. Percentage of particles in the groofel600 K  —_gg3 K, andk,,=4792 K/A2 were determined by a fit to
<Ugy<=1200 K), monolayer(~1200 K< Ug,< =400 K),_and Va-  the external potential,c=18 A is the approximate width of
por (Uex>—400 K) regimes, for the low-density limitN=1), and  h monolayer region in the transverse direction, and integra-
the groove(N=9), three-stripe(N=27), and monolayertN=>54) i, s \were taken over regions exterglid A away from the
phases, for various temperatures, groove minimum ad 1 A away from the monolayer mini-
mum.

N TK % groove % monolayer % vapor For the low energies dominated by the groove phase, the
1 20 100 0 0 crossover model approximates the external potential as
170 61 31 7 :Vg+%ar2. The cylindrical volume enclosed by an isopoten-
300 14 35 51 tial goes likeV~r2, and f(U)=dV/dU=(dV/dr)/(dU/dr),
9 20 100 0 0 which is a constant; indeed, tHéU) calculated in Fig. 4 is
nearly constant at low energies. For the monolayer region,
70 93 6 0 . - _ 1, 2
close to the potential minimuny=V,+3kz°. The rectan-
175 43 42 15 gular volume enclosed by an isopotential goes \kkez, and
27 20 33 67 0 f(U)=(dV/d2)/(dU/dz), which goes likez 1~ (U-V,) 2
55 33 67 0 for U>V,,. This divergence in the model accounts qualita-
165 22 60 18 tively for the peak inf(U) just above the monolayer energy
54 20 17 83 0 of about —800 K. For high energies dominated by the vapor
80 17 77 7 phase, we can treat the substrate as a semi-infinite rectangu-
140 14 54 32 lar volume, and approximate the external potential by a long-

distance(r~% Lennard-Jones potential integrated over this
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region, which yieldsU~-z3. Then f(U) will go like z** 9 A A T

~ (-U)~#3, qualitatively accounting for the sharp risefif) 81 groove 3stipe [GST=60K

asU—0. 7r ! ! AAT=90K
Given the volume density of state$U), we can then 6 H

obtain the energy probability densiB(U) at any other tem- _Zé" 5 - k

perature by scaling this temperature-independent function by = 4

the appropriate Boltzmann weight. In particular, the three © S

columns of the first row of Fig. 3 are just the function in Fig. 5 monolayer

4 scaled by Boltzmann factors €xBU) that decay with N ]

decreasing rapidity a8 increase$3 decreases The groove o Loeeis

o_

is highly populated at low temperaturéarge 8) when the
exponential damping is great enough to suppress population
at hlghgr energies. The monolayer becor_nes.populated atIn- 1. 5. The dimensionless specific heéf)/kg as a function of
termediate temperatures when the damping is no longer suffnsity, atT=60, 75, and 90 K.

ficient to suppress the peak f(U) that occurs at the mono-
layer energy(—800 K), and the vapor becomes populated at
still higher temperature@mall 8) when the damping fails to

JIPH N RS N R N DU R W e
5 10 15 20 25 30 35 40 45 50 55
N

along the surface in the transverse plane. The specific heat

T ! peaks neaf =55 K; this is not due to a significant fraction of

SUppress th? rapid m_creasefl(m) towards 0 K. articles being promoted from the groove to the stripes, as
The partition function of the crossover model can also begne might expect, but rather to a wider range of energies

used to calculate the specific heat dlrec_tly. As seen n Fig. %Nithin the stripe/monolayer region, and promotion from the

the correspondence between the prediction of this analytlgtripes to the rest of the monolayer; see Fig. 3 and Table I. It

approximate model and the simulated full model is qunepeaks again nedf=165 K, with as t’he groove empties into

good. the stripes and monolayer, as well as the beginning of evapo-
ration off the surface.

C. Higher coverage The monolayer phase also starts out at 3 Boltzmanns at
pr temperatures, for reasons analogous to the three-stripe
phase. At higher temperatures, there is a peak in the specific

eat neaf =80 K which, like the three-stripe peak, is largely
ue to a broadening of the particles across a range of ener-
ies in the monolayer region, as well as some promotion

Next, consider the groove phase. At low temperatures, th
specific heat is near 3 Boltzmanns. A contribution of 2.5
Boltzmanns is accounted for by the same argument as for t
low density limit. Unlike the low density limit, however, the

groove phase is densely packed with adatoms, and interp . )
ticle interactions must be considered. An additional 1/2/T0M the monolayer to the bilayeiFig. 3. Another peak

Boltzmann arises from confinement in the longitudinal di-2PP€ars near=140 K, corresponding to evaporation out of

mension, for which the Ar-Ar interaction potential is ap- "€ monolayer into the bilayer, and to vapor.
proximately harmonic at its minimum when the adatoms are

stably distributed in equilibrium. As the temperature in- D. Further results
creases, evaporation out of the groove beginsT At70 K,
evaporation is great enough to excite adatoms out of th
groove; while not many of these atoms reach the monolay
region (Table ), there is still a large change in potential

energy for a small increase in temperature, and thus a Iar_ imilarly, near monolayer completion the marked increase in

_specific_ heat. The specifi(_: heat then decre_ases sligr_\tly WITB \yith T is attributed to thermal promotion out of the mono-
increasing temperature, since the change in energy is not

large once the initial adatoms have begun to be promoted.
This low-temperature peak is not present in the Iow-densit)é0
case because, as seen in both Table | and Fig. 1, the adato

. . additional particle onto the surface at constant tempera-
are not spread transversely as greatly about the immedia

. ; . fire. The differential heat is related to the heat capacity at
groove region at low temperatures in the low-density case a

: . . nstan nsi =(0E/JT Maxwell relation de-
they are in the groove case. However, in a manner quallta(?O stant densityCy=(JE/dT)y, by a Maxwell relation de

. e - rived from the total derivative dE=(JE/JT)\dT

tively analogous to the low-density limit, an additional, +(9E/aN)-dN. which vield

larger peak in the specific heat is found at still higher tem- ( )rdN, which yields

peratures(T~=175 K), mostly from promotion from the ICy 904

groove into the stripes and the rest of the monolayer. (m) == (E) .
Like the groove phase, the three-stripe phase starts out at T N

3 Boltzmanns at low temperatures, similar to the groove(Note thatCy=C, in the canonical ensemble.

phase, except that the 1 Boltzmann from external potential The differential heat of adsorption is summarized in Fig.

confinement in the transverse plane is replaced by 1/3. Atlow densities, the differential heat is near the minimum

Boltzmann from external potential confinement normal to theof the external groove potential=—1600 K, becoming

surface, and 1/2 Boltzmann from interparticle confinemenslightly larger at lower temperatures. Both this value and the

The N dependence of several isotherms is displayed in
%ig. 5. Of particular note is the rapid rise in the specific heat
ShearN~8, just before groove completion, agoes from 60
to 90 K. This is attributed to promotion out of the groove.

It is also illuminating to study the differential heat of ad-
rption, q4(N)=—(JE/JN)t, the energy required to adsorb

3
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In contrast, the isosteric heats measured by Jakubek and
Simard agreed well with our simulations, with a peak of 137
meV (~1600 K) near the groove, descending to plateau of
106 meV(~1200 K) through to monolayer coverage. This
agreement with our calculations suggests that their bundles

= AN
f? goob 8OOV 3-stripe monolayer were more homogeneous than those studied in the other two
600 C ] experiments. It should be noted, however, that their isosteric
00k ?.3%2?25 ] heat. continues to decrease as coverage increases, whergas
200k AAT=00K ] our isosteric heat appears to rise sllgh_tly as the monolayer is
approached. The isosteric heat of Wilsenal. also drops
0051015 20 25 30 35 40 45 50 55 past the monolayer.
N Like the other experiments, the results of Bienfgital.

for Ar exhibit two plateaus in the dependence of the isosteric
heat on coverage. The lowest coverage data yigld

=15 kJ/mol, or about 1800 K. Our predicted value in this
range is of order 1650 K. The higher coverage, broad plateau
T dependence at lowl can be understood from the low- corresponds to a measuregg=1200 K, which agrees well
density equation of staté]/N=V,+3ksT. As additional par- ~ with the value we find for the three-stripe phase. However,
ticles are added, the energy for each additional particle ihe data at monolayer coverage continue to decrease, while
reduced by slightly more than this amount, to include theours appear to increase, as noted. Another area of disagree-
interaction energy. As the groove phase is approached, thaent is the extent, in coverage, of these plateaus. In the data,
groove becomes tightly packed and the interaction energshe second plateau extends over a coverage range compa-
becomes significant, so that adding an additional particle rerable to that of the first plateau. Our calculations, instead,
duces the energy by the external groove potential plus thfnd that groove region of highg, extends over just one-sixth
Lennard-Jones well depte~-120 K for Ar. The difference  of the range of the combined three-stripe plus monolayer
in gu(N) between low and high temperatures is particularlyregime (grouped together because of similar valuesigf

large just before the groove phase, which in accordance witlrhis discrepancy may be attributed to the role of large inter-

Eq. (3) corresponds to the steepest increase in heat capacityisia| cavities within the bundle, as argued by Bienttial.
as seen in Fig. 5; at thd=9 groove phase itself, where the

heat capacity peaks with increasiihy we see correspond- V. SUMMARY AND CONCLUSIONS
ingly little difference in the differential heat at various tem-
peratures. At the other extreme, near monolayer completio
a similarT dependence is observed. The large decreagg in

FIG. 6. The differential heat of adsorptiap(N)/kg at T=60,
75, and 90 K.[Shift each curve upwards by its temperatdre¢o
obtain the isosteric heag(N)/kg.]

Our results are intended to stimulate further experimental
n, . ; . .
studies of this system and analogous systems involving other
with increasingT is consistent with Eq(3) and Fig. 5; the gases on nanotube bundles. We have investigated the varia-

latter shows a large value diC/dN except below 60 K. The tion of thermodynamic properties with andN. One of the
explanation is monolayer-to-bilayer promotion above 60 K. more interesting general results is that the specific hgat is

Experimental measurements of isosteric heat for argon ofyPically larger than might have been expected from either
nanotube bundles have been reported by Wilsbal.l! Ta- ~ Simple models used to treat these systdgither indepen-
lapatra, Rawat, and MigorleJakubek and Simartand Bi- dent particles or a sol)é® or from experimental results for
enfaitet al;2 grand canonical Monte Carlo simulations havefilms on graphit¢? For most conditions studied here, the
been published by Shi and Johng6n. specific heat exceeds three Boltzmanns, with average values

The isosteric heat calculations of Shi and Johnson for adin the range four to five Boltzmanns. In contrast, the specific
sorption of Ar on a homogeneous bundle at 90 K agreéieat of independent particfsin this environment is less
closely with our results, with a peak of,=14 kJ/mol just than three Boltzmanns, except at high(above 100 K,
before the groove phase, corresponding to our peak of 165@hen the particles are excited out of the groove. The large
K. Past the groove phase, their calculated isosteric heat dropglues found in these simulations arise from the fact that the
and remains constant with coverage, slightly belowhighly corrugated potential surface presents a sequence of
10 kJ/mol, corresponding to our nearly constant value neagxcitation steps (groove— three-stripe~monolayer— - -

1200 K. —vapol, each of which enhances the specific heat.

Shi and Johnson compared their calculations to the ex- The temperature dependence of the specific heat shows a
perimental results of Wilsoet al. and Talapatraet al, and  characteristic double-peak structure. All densities show a
since we agree with those calculations, we will briefly sum-large peak near 175 K, corresponding to promotion of ada-
marize their conclusions. Our calculations agree with botitoms out of the groove into the monolayer region. The
experiments at higher coverage, beginning at the three-stripgroove, three-stripe, and monolayer phases show an addi-
phase, but their isosteric heats at lower coverage are dramatienal peak at lower temperature, corresponding to a thermal
cally greater than ours, as large as 18 kJ/me2200 K) at  broadening in the range of external potential energies of the
low coverage. We ascribe this discrepancy with experimenparticles, rather than to any significant promotion of particles
to our neglect of bundle heterogeneity, following Shi andinto qualitatively different regions.

Johnson, whose simulations of heterogeneous bundles agreedOther principal results involve the relation between the
well with both experiments. evolution of film structurgwith increasingN) and the cor-
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responding thermodynamic and correlation functions. As theéimate by considering the minimum energy of longitudinal
groove begins to fill(N approaching B the heat capacity phonons in the groove in Debye theomip, where wp
shows a dramatic jump as a function of coverage. Consistent\k/m and k=2%3(9¢/o?) is the force constant of a qua-
with the Maxwell relation, Eq(3), the differential heat de- dratic approximation to the minimum of the Ar-Ar interac-
creases withT at that point(Fig. 6). Analogous behavior tion potential, a 12-6 Lennard-Jones potenti&l;,
occurs near completion of the three-stripe phase, Mear =4e[(o/r)2-(o/r)8], with 0=3.4 A, e=120 K for Ar. The
=27. corresponding energy is 27 K. This estimate considers only
Our study has been fully classical, but the temperaturear-Ar interactions and ignores the external potential; we can
beneath which quantum effects become significant can bgbtain a complementary estimate by ignoring the interactions
estimated.” We estimate that quantum effects can be ignorecand considering only the external potential. We return to the
above about 80 Ksee Appendix A This is a higher tem- crossover model of the groove, outlined in Sec. IV, as a
perature than some of the important structure in the heatvo-dimensional harmonic oscillator with a force constant
capacity—the first peak in the heat capacity occurs at ow=4898 K/A?. Treating it now as auantumharmonic os-
below this temperature. Modifications to the heat capacityillator, it is excited at an energyw |, wherew, =+a/mand
from quantum mechanics at very low energies are given byn is the atomic mass of argon. The corresponding energy of
Debye theory#43-0we expect that(T)—0 asT—0, and  this second estimate is 77 K. Taking the larger of the two as
c(T) < T whered~ 1 for the groove and~ 2 for the mono-  a conservative estimate, we expect that quantum effects can
layer, if the density is high enough to form a bulk phase. Tobe ignored above about 80 K.
evaluate quantum effects accurately would require applica-
tion of the path integral Monte Carlo method to the APPENDIX B: EFFECTS OF DESORPTION
problem>!

We note, also, that an experimental heat capacity cell h We can estimate the temperature at which desorption into

. =" N3%\e full volume of an experimental cell becomes significant,
a volume on the order of 1-10 émwhereas our simulation by determining when the rati,/N,, of atoms in the vapor

volume was on the order of 18 cnr’. Our simulation, fo- to atoms in the monolayer becomes significant. Extendin
cusing on small volume nearer the adsorbed film, thus ig; y 9 : 9

L ST he crossover model, we can consider the monolayer an
nores almost all of the volume in which desorption into va-t e crossover model, we can consider the monolayer and

. . . . _\Vvapor phases rat stems, the monolayer modeled as
por can occur. This causes the simulation to underestimaté PO! Pnases as separate systems, the mono'aye odele

the heat capacity that will be experimentally measured. Thé& surface with a harmonic normal pptentlal, gnd the vapor
effects of desorption cannot be ignored when the number anqdeled as a free gas. The_ (aNQ/Nm IS then given by the
atoms in the vapor starts to approach the number of atoms irﬁan of their respective partition functions
the film; this occurs at roughly 25-50 (§ee Appendix B N, 5

Particularly interesting results from the correlation func- N :f dz f dz eAVm+(12kn'] (B1)
tion studies include the reduced longitudinal correlations in m Yl mono

the groove and striped phasesTasises above 60 K. These e take the first integral between zero and the cell hefght,

ments even if the samples included a randomly orientegh the interests of finding an analytic solution. This gives
batch of nanotubes; this is a familiar problem dealt with in

powder averaging of small-sample experiments. N, _ h & BVm (B2)
This paper studied a system of identical nanotubes. The Ny, V! (28K, '

sensitivity ofc(T) to nanotube heterogeneity, with an asym- _ _ . _
metric groove region between nanotubes of different sizes, i§he fraction of atoms in the vapor above which desorption

a potentially interesting subject for future investigati8n. ~ Should be considered “significant” is ambiguous, but we
might take it to be 10%-20%. Solving E@?2) for B, using

h=1 cm and the values fov,, andk,, found in Sec. IV B,
this corresponds to a temperature in the range of 25-50 K.
We are very grateful to David Goodstein for a helpful ~ This calculation neglects interparticle interactions. Their
explanation of the thermodynamics of adsorption, to Oscainclusion would lower the estimate of the temperature at
Vilches for a discussion of experimental issues, to Mary Jwhich desorption from the monolayer into vapor becomes
Bojan for discussions of the simulation methods and theisignificant, analogously to how the evaporation from the
interpretation, and to Michel Bienfait for his helpful com- groove to the monolayer takes place at a lower temperature
ments. This work was supported by the National Sciencavhen the groove is packed—the interacting case—than when
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Foundation. it is sparsely populated and the adatoms are effectively non-
interacting. This is supported by the data in Table I: more
APPENDIX A: QUANTUM EEFECTS groove— monolayer promotion occurs folN=9 at T

=175 K than forN=1 at the comparable temperatule
The upper bound on the temperature at which quanturs170 K, indicating that the groove promotion begins at a
effects must be considered is dominated by the physics of thewer temperatures for the interactifgg=9 than for the non-
deepest energy well, i.e., the groove. We can obtain one efteractingN=1.
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