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Freezing/melting of Lennard-Jones fluids in carbon nanotubes
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We report molecular simulation and experimental results for the freezing/melting behavior of
Lennard-Jones fluids adsorbed in pores of cylindrical geometry, using simple models for
multiwalled carbon nanotubéMWNTSs) of inner diameter 5 nm. For cylindrical pores, our results

for aD=9.704s MWNT show no formation of regular three-dimensional crystalline structures. They
also suggest that the outer layers experience an increase in the freezing temperature, while the inner
layers provoke a depression in the freezing temperature with respect to the bulk freezing point.
Dielectric relaxation spectroscopy shows a solid-fluid transition at 234 K foy DG@hese MWNTs

that is in qualitative agreement with that determined in our simulations for the inner adsorbed
layers. ©2005 American Institute of PhysidDOI: 10.1063/1.1862786

Recent studies for pores of simple geometry have showsolid solution catalyst, according to the process described in
a rich phase behavior associated with freezing in confinedRef. 16. The MWNTs were opened according to the proce-
systems: 2 The freezing temperature may be lowered ordure described in Ref. 17, using an excess of boiling concen-
raised relative to the bulk freezing temperature, dependingrated nitric acid during 30 min under continuous stirring at
on the nature of the adsorbate and the porous material. [h40 °C. The resulting material is recovered by filtration and
addition, new surface-driven phases may intervene betweefashed several times with demineralized water until neutral
the liquid and solid phases in the pores. “Contact layer’PH. Since it contains debris produced during the acid oxida-
phases of various kinds often occur, in which the layer oftion of the tips, it is then treated by carbon dioxide at 525 °C
adsorbed molecules adjacent to the pore wall has a differeturing 60 min, in order to oxidize selectively these disor-
structure from that of the adsorbate molecules in the interioflered _carbon nanostructures, while keeping the MWNTs
of the pore. These contact layer phases have been predictéfact: o _ o
theoretically, and confirmed experimentally for several  Transmission Electron MicroscopyTEM, Philips CM
system<:® In addition, for some systems in which strong 200 of the MWNTs material after the two-step oxidation
layering of the adsorbate occufe.g., activated carbon fi- treatment shows that all tips are efficiently opened. Higher
bersy, hexatic phases can occur; such phases have quagw_agmflcatmn reveals that the average outer diameter of the

long-ranged orientational order, but positional disorder, and/@notubes Elightly dec;eased frrc])m 1(? to 15 nm f?rhthe p{lis-
for quasi-two-dimensional systems occur over a temperatur.{ekne nano'tu es to 8-1 nm, without destruction of t 1€ wals,
., keeping perfectly continuous outer layers. The histogram

range between those for the crystal and liquid phases. Thed the i di : h d calibrati fh iral
are clearly seen in molecular simulations, and recent experf2 € Innérdiameters shows a good calibration of the centra

ments provide convincing evidence for these phdséshas canal, with values mostly in the narrow range from 4 to
been shown that this apparently complex phase behavior ré- The nitrogen adsorption isotherms of the pristine

s o 5 Soblon beuee 1 a4 ke JAWNTS and of MWNTS after h opening process re pre.
: 9 pore g Ysented in Fig. 1. Both isotherms are of type IV, characteristic

and width, the phase diagrams for a wide range of adsorbat%sr a mesoporous material. However, in the case of the

Ahich is he ratio of the fd-wall 1o fuic-uid Atractve. 2ene0 nanotubes, the otal adsorbed volume clo By
interaction>**3In this letter we report molecular simulation -=1 's much I’_ngh_er than for the pristine nanotubes, .conflrm-
; : . , "ep ing the contribution of the central canal to adsorption after
studies of freezing in multiwalled carbon nanotubesyemgya| of the tips. The Brunauer—Emmett—Teller specific
(MWNTSs). Simulations make use of the Landau-Ginzburggrface area increases from 228 for the pristine nanotubes

formalism for the free energﬁ/and parallel temperinbs. Ex- 0 310 nt/g for the opened nanotubes, and the mesopore
perimental results from dielectric relaxation spectroscopy arggojume from 0.99 crig to 1.54 crd/g.
reported for CCJ in these materials. _ We performed grand canonical Monte CafldC) simu-
In our experiments, we used high purity MWNTS pre- |ations of Lennard-Jone.J) fluids adsorbed in cylindrical
pared by catalytic decomposition of acetylene on a Co/MgGyores of diameteD using the potential due to Peterson, Wal-
ton, and Gubbin$® Systems of up to 64 000 molecules were
dAauthor to whom correspondance should be addressed; electronic maiﬁongdered- We (;alculated the Laqdau free energy as a func-
beguin@cnrs-orleans.fr tion of an effective bond orientational order parameter
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FIG. 1. Comparative nitrogen adsorption isotherms at 77 K on pristine and
opened MWNTSs. @ )
FIG. 2. (a) Two-dimensional, bond orientational order parameter average
which is sensitive to the degree of order in the system. Th%alues in the molecular fluid layers of LJ CQtonfined in a MWNT of

Land f h di l taﬂ? iameterD=9.70¢; (5 nm). Triangles, squares, diamonds, and circles repre-
andau tree energy approach used in earlier s agas sent the order parameter values for the contact, second, third, and fourth

extended to incorporate spatial inhomogeneity in the ordefyers, respectively. The dotted line represents the bulk solid-fluid transition
parameter, and a generalized Landau—Ginzburg approatémperature(b) Positional and orientational pair correlation functions in the
was developed to determine the Landau free energy surfa¢@wrapped contact layer of LJ COtonfined in a MWNT of diameteD

of inhomogeneous ﬂuid]§,with the latter given by 22.57?;( (5 nm) showing liquid phase af=262 K and crystal phase at
A[®(r)]=-kgT In(P[®(r)]) + constant, (1)

wherekg is the Boltzmann constant, is the temperature, pores O.f cylindrical geometry. The method of parallell tem-
andP[®(r)] is the probability of observing a system having P€MN9 1S a Monte Qarlo scheme that has been derived to
an order parameter value betweénand ®+ 50 at the po- achieve gooq sampling of systgr:%ngs that have a free %nergy
sition given by r. The probability distribution function !andscape with many Iocal_ mininta.Yann and _de Pab
P[®(r)] was determined during the simulations using urn_|mplemented this scheme in the grand canonical ensemble,

brella samspling in pores of slit-like geomeﬁ%/and parallel performing a MC simulation im systems which differ in

tempering® for pores of cylindrical geometry. We found sig- both temperature and chemical potential. In addition to the

nificant ordering into distinct molecular layers in the systems?ﬁﬂiarr:e%gc}”zlSrcvgvez,’[t;hrﬁytpggmggg ggg;;gﬂﬁg:;ggazwaps
considered; therefore it is possible to define the order param-. o b attempt 9
is accepted with probability given by

eter d(r) using a two-dimensional bond orientational order!
parameter, defined s PacdXi <= X)) = min[1,exgABAU — A(Bu)AN)], (4)

where AB=1/kgT;—1/kgT;, and AU and AN are the differ-
dpWs,(p) i ence in potential energies and number of particles, respec-
D)= 38 -F); tively, between configuratiorisandj. We have used as many
=1 fd
p

n

as 50 different configurations in our calculations with the
parallel tempering Monte Carlo scheme, to cover all the
Np phase space of interest and to guarantee frequent swaps be-
We(p) = Niz exp(i6 6y, (2)  tween replicas. We have checked the evolution of the parallel
b k=1 tempering simulation as a function of Monte Carlo steps and,
ter the equilibration, we verified that each configuration
sited many sets ofT, u) along a single simulation run. The
. ) . nature of the phases in each molecular layer was determined
] are most likely to lie ‘on. We expecb(r)=1 for two- by measuringpthe two-dimensional bond Sérientational order
dimensional hexagonal crystals an@(r)=0 for Wwo-  7rameter and by monitoring the two-dimensional, in-plane
dimensional liquids.W¢;(p) measures the hexagonal bond yjtional and orientational pair correlation functions within

order at positiorp within each two-dimensional layg¢rN, is  each layer. The positional pair correlation function in lajer
the number of nearest neighbors of a molecule at position s given by the familiar radial distribution functiog;(p),

and ¢ is the orientation of each nearest neighbor bond with,aasured within the two-dimensional plane formed by each

respect to an arbitrary axiS.For cylindrical pores, a quasi- layer . The orientational pair correlation function is given by
two-dimensional configuration of each molecular layer cang (p):<\l,’f(0)\l,j(p)>
] .

be obtained by cutting each one of the concentric layers o]
along the axial direction and unrolling it flat. The grand freefree
energy of a particular phase is then related to the Landau frqﬁte
energy b§73

where the first sum is over the adsorbed molecular layers al
f; is the coordinate of the plane in which molecules in layer

The method described above has been used to study the
zing behavior of LJ CGladsorbed in model MWNTSs of
rnal diameteD=5 nm (D" =9.7). The formation of five
concentric layers of adsorbate was observed when the con-
fined fluid solidified. In Fig. a) we show the average values
exp(- Q) = f d® exp(— BA[P(N)]). (3 of the two-dimensional, bond orientational order parameter
in the individual layers, as a function of temperature. We
The probability distribution functiofP[®(r)] was deter-  observe a discontinuity in the average order parameters of

mined during the simulations using parallel tempe’r?rfgr the contact and second layers around 260 K, suggesting a
Downloaded 12 Jul 2006 to 150.254.111.214. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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phase transition in these two layers. The change in the orde
parameter for the third layer is less abrupt than in the first  77.0]
two layers and starts around 255 K. In the fourth layer, the 755 ]
order parameter value increases continuously until it jumps ;4]
around 215 K, reaching a maximum value &~0.7 at
lower temperatures. Our results suggest that for this specific
pore diameter, the contact and first inner layers freeze ak
temperatures higher than the bulk freezing point, whereas the’
inner layers experience a depression in the freezing tempere ]
ture when compared to that of the bulk. These observations 7587
are corroborated by our results for the positional and orien- 7541
tational pair correlation functions in the unwrapped layers. 752 —————
Some of our results for the contact layer are shown in Fig. 150 e 200 225 280 278 800
2(b). At T=262 K, the isotropic positional pair correlation T

; : ; ; ; :FIG. 3. Dependence of capaci§ with temperature for CGlin open
function and the exponential decay in the orientational p‘r;mll\:/IWNTs with average pore diameter of 5 nfaverage external diameter:

correlation function are signatures of an isotropic liquid. At 10 nm), from dielectric relaxation spectroscopy. The results were obtained at
T=252 K, the features observed in both pair correlationgo kHz(circles; 100 kHz(square 600 kHz(triangles. The signals are for
functions are characteristic of a two-dimensional hexagonafoth bulk and confined CGl

crystal. Similar features were found for the other layers.

Our results for théd=9.70¢s MWNTSs did not show any The melting temperature measured in this experiment for
sign of ordering of the confined LJ CQOhto regular, three- confined CCJ is in qualitative agreement with the value
dimensional3D) crystal structures. This finding is in agree- found in our simulations for the inner layers. Hence, we can
ment with previous simulatidfi and experimentd** stud- ~ conclude that for this specific cylindrical pore diameter
ies, where it was shown that for pore diameters below;20 (5 nm), the inner layers experience a depression in the freez-
only partial crystallization occurs. The same studies foundng temperature when compared to that of the bulk.
that for silica materials, the lower limit below which there
are no 3D crystal domains in the system was arolnd L. . G_elb, K. E. Gubbins, R. Radhakrishnan, and M. Sliwinska-
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diameters show that the freezing temperatures increase as thg Rradhakrishnan and K. E. Gubbins, Mol. Phg§, 1249(1999.
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