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The radial thermal expansion coefficient o, of pure and Xe-saturated bundles of single-
walled carbon nanotubes has been measured in the interval 2.2-120 K. The coefficient is
positive above T = 5.5 K and negative at lower temperatures. The sample was prepared by
compacting a CNT powder such that the pressure applied oriented the nanotube axes
perpendicular to the axis of the cylindrical sample. The data show that individual nanotu-
bes have a negative thermal expansion coefficient while the solid compacted material has
a positive one due to expansion of the intertube volume in the bundles. Doping the
nanotubes with Xe caused a sharp increase in o, in the whole temperature range used, and
a peak in the dependence o (T) in the 50-65 K interval. A subsequent decrease in the Xe
concentration lowered the peak considerably but had a little effect on the thermal expan-
sion coefficient of the sample outside the peak region. The features revealed have been
explained qualitatively.

B unTepBase Temmeparyp 2,2-120 K msmepeHb! K0o(MUIUEHTH pPagUalbHOTO TEILIOBOTO
PacCIIMPeHUs O, YUCTBIX M HACHIIIEHHBIX KCEHOHOM JKI'yTOB OZHOCTEHHBIX YTJIEPOJHBLIX Ha-
HOTPYOOK. 3HAUEHMA (). MOJOKHUTENbHBI Bhilie 5,5 K u orpunarenbHbl npu 0osee HU3KUX
Temieparypax. McciaemoBaHHBIII o0pasel] IIOJydYeH IIPECCOBAHMEM IIOPOIIKA HAHOTPYOOK, B
pesyJibTaTe KOTOPOr0 OCHM HAHOTPYOOK OBLINM OPHUEHTHPOBAHBI IEPHEeHAUKYJISIPHO OCH 00pas-
na. IlorydyeHHbIE Pe3yJIbTATHI IO3BOJAIOT IPEAIIONOMKHUTE, UTO 3HAYEHHA O, WHIUBUIYATH-
HBIX HAHOTPYOOK OTPHUIlATENbHBI, TOTAa KaK AJA o0beMHOro obpasiia, BBUAY BKJaIa JKI'yTOB
HAaHOTPYOOK, O, TMOJOMUTEIbHEI. [[omrpoBaHNe HAHOTPYOOK KCEHOHOM IPHUBEJIO K DPe3KOMY
yBeIuueHWI0 abCONIOTHBIX 3HAUEHMH (. BO BCeM MCCJIeJOBAHHOM HHTepBaje TeMIepaTyp, a
TAK/Ke K BOBHHMKHOBeHHIO nmKa Ha sasucumoctu O (T) B TemMIepaTypHOM HHTepBaie
50-65 K. Ilociexymoolinee yMeHbIIeHNEe KOHIEHTPAIMYU [IPXMECH KCEHOHA IPUBEJIO K CYIIECT-
BEHHOMY CHUKEHUIO BeJIMYMHBI I[HNKA, OJHAKO IPAKTUYECKM HE I[OBJUAJIO HA SHAUCHUS
Koo dUIIMeHTa TEIJIOBOr'0 PacIInpeHns: odpasma BHe obsacTyu nuka. IIpemrosKeno KauecTBeH-
HOe 00bsCHEeHNe OOHAPYKEHHBIX OCOOEHHOCTEell.
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Since the discovery of carbon nanotubes
(CNTs) in 1991 [1], this novel class of
physical objects has been stimulating in-
tense experimental and theoretical research
activities. The diversity of CNT types and
the problems encountered in obtaining pure
CNT material in quantities needed for ex-
perimental investigations make it rather
difficult to trace the basic trends in the
behavior of carbon nanotubes (e.g., see [2]
and References therein). Thermal expansion
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is among the least studied properties of
CNTs. The currently available experimental
data on the thermal expansion of single-
walled nanotubes (SWNTs) and their bun-
dles is confined to the region near and
above room temperature, whereas it is just
the low temperature data that are of most
importance in understanding the CNT dy-
namics. The theoretically estimated thermal
expansion coefficients (TEC) of SWNTs
[4-9] vary appreciably both in value and sign.
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Fig. 1. TEM images of the starting SWNT powder.

Due to their unique geometry, CNTs may
provide a basis for novel low-dimensional
systems. For example, bundles can be used
as templates to form one-dimensional chains
or two-dimensional surfaces consisting of
condensed impurity molecules.

Recently, much experimental effort has
been devoted to the study of structural and
thermal properties of such systems and a
number of theoretical models have been pro-
posed to predict these properties [10-23].
However, the thermal expansion behavior of
SWNT/gas impurity systems still remains
obscure. In this study, the radial thermal
expansion was measured on a sample con-
sisting of bundles of single-walled nanotu-
bes closed at the ends in the T = 2.2-120 K
range and on bundles of SWNTs saturated
with Xe at T = 2.2-75 K. The sorption
properties of bundled-up SWNTs with
closed (c-SWNT) and open (o-SWNT) ends
have been studied using the thermally-pro-
grammed desorption technique described
below.

The sample for thermal expansion meas-
urements was prepared using a procedure
for ordering the SWNT axes by applying a
pressure of 1 GPa, as described by Bendiab
et al. [24]. These authors have shown that
in SWNT plates of up to 0.4 mm thickness,
such a pressure aligned the CNT axes such
that their average angular deviation from a
plane normal to the pressure vector is about
4°, The starting material was a CNT powder
(CCVD method, Cheap Tubes, USA) which,
according to the manufacturer data, con-
tained over 90 % of SWNTs. The main
characteristics are presented in Table.

The powder quality was confirmed by
Raman analysis performed both by the sup-
plying company and at Umea University,
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Table. Characteristics of carbon nanotube
powder (the manufacturer data)

Diameter 1-2 nm

Length 5-80 um
SWNT fraction > 90 wt. %
Amorphous carbon fraction < 1.5 wt. %
Co catalyst fraction 2.9 wt. %
Specific surface > 407 m?/g
Electrical conduction > 102 S/cm

Sweden. According to the manufacturer, the
average outer diameter of the tubes was
1.1 nm but no information is available
about the chirality distribution. According
to our own Raman data obtained using four
different excitation lasers with wavelengths
in the range 541-830 nm, the radial breath-
ing modes indicate a wide range of tube
diameters, 0.8 to 2.1 nm. All samples stud-
ied show typical SWNT G-bands and only
weak disorder bands. Although multi-wall
tubes may also be present, judging from the
spread in diameters, the Raman spectra are
completely dominated by the response from
single (or possibly few-) wall nanotubes.
However, a small fraction of MWNTs might
be invisible due to their large diameters and
possibly lower Raman cross sections.

The starting SWNT powder was also in-
vestigated by high-resolution transmission
electron microscopy (HRTEM) at both the
Institute of Problems of Materials Science,
NAS of Ukraine (Fig. 1a) and at Umea Uni-
versity, Sweden (Fig. 1b). The pictures show
that large sample fractions contain some
amorphous carbon or residual catalyst. By
measuring the bundle diameters, we esti-
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Fig. 2. LTECs of pressure-oriented SWNT compacted sample in the direction perpendicular to the
SWNT bundle axes: a) T' = 2.2-120 K; b) T' = 2.2-25 K (curve 1 — heating and cooling, curve 2 —

first heating from T = 2.2 K).

mate that each bundle in the starting pow-
der contains 7 to 600 SWNTs.

The compacted sample used was prepared
at Umea University (Sweden) by first com-
pacting the pressure-oriented (P = 1.1 GPa)
SWNT plates (an individual plate was up to
0.4 mm thick), then pressing several
stacked plates together at a ten per cent
higher pressure to form a 7.2 mm high cyl-
inder of 10 mm in diameter with 1.2 g/cm3
density. The sample was made in a special
cylindrical segmented die designed for com-
pacting CNT powder under effective pres-
sures of 0.5 to 2 GPa, consisting of a ring
with a cylindrical channel and a conical
outer surface, which was inserted into a
hardened-steel cylinder supported inside a
larger pressure vessel. The structure so ar-
ranged was resistant to internal stresses.
The 10 mm diameter plunger was made
from sintered tungsten carbide (WC). The
pressures used were high enocugh to consoli-
date the powder into a solid with well ori-
ented tubes [24], but still low enough to
keep the integrity and structure of tubes
and avoid tube collapse, and Raman spectra
taken on pressed plates showed no system-
atic changes relative to those of the initial
powder. The sample prepared by this tech-
nology has a pronounced anisotropy of prop-
erties in the directions perpendicular and
parallel to the sample axis. In the direction
perpendicular to the applied pressure, the
axes of the SWNT bundles are disordered.
The compaction aligns the axes of the
SWNT bundles in the plane perpendicular
to the sample axis [24]. As a result, the
radial expansion component of the SWNT
bundles makes a dominant contribution to
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the sample thermal expansion in the direc-
tion parallel to the sample axis. If the axial
component of the thermal expansion coeffi-
cient is comparable to that of the radial
one, an angle of about 4° implies that the
typical contribution to the total coefficient
from the axial component is about 7 % of
the radial component value.

The radial thermal expansion of the sam-
ple was studied using a capacitance dila-
tometer (its design and the measurement
technique are described in [25]). The linear
thermal expansion coefficient (LTEC) was
measured in the direction of the applied
compacting pressure, i.e. radially to the
SWNT bundles. Prior to measurement, the
gas impurities were removed from the sam-
ple by dynamic evacuation for 72 h at 10~
8 Torr and room temperature. Immediately
before dilatometric investigation, the meas-
uring cell with the sample was cooled slowly
(for 8 h) down to liquid helium temperature
(4.2 K) and the sample was held at this
temperature for about 4 h. The cooling and
examinations were made in vacuum of at
least 1075 Torr.

The LTEC temperature dependence in the
2.2-120 K interval is shown in Fig. 2. The
curves were obtained by least-square aver-
aging over several series of measurement.
The curve 2 was taken during the first
heating of the sample from T = 2.2 K. The
curve 1 data were measured in the sub-
sequent heating-cooling process. The non-
equilibrium LTEC wvalues obtained at the
first heating from T = 2.2 K may be con-
nected with the heating-induced alignment
and ordering of the bundles and the nanotu-
bes therein, which causes a compression of
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bundles and, as a result, negative thermal
expansion. The equilibrium radial LTEC o,
(curve 1) is positive above 5.5 K and nega-
tive at lower temperatures.

Assuming that the impurity effect is
negligible, o, comprises two components o
and o, caused by temperature-induced
changes in the CNT diameters and the inter-
tube gap. Proceeding from a simple
Gruneisen-type model, it might be expected
that oy should be similar to the in-plane
thermal expansion of graphite, and thus
probably small and negative well below
room temperature. As the sample is a mix-
ture of all chiralities, the average o, should
also be very similar to the average axial
expansion coefficient of the tubes. The ther-
mal expansion of a bundle should thus prob-
ably be dominated by g, which should be
similar to the out-of-plane thermal expan-
sion of graphite or, considering the curva-
ture, to the thermal expansion of fullerenes
or linear fullerene polymers [26].

So far, there has been only one study
[27] where both oy and o, were measured
by the X-ray diffraction method in the
300 to 950 K range. At T =300 K, o, =
(0.75+0.25)10 ° K1, o, = (-0.15+0.2)10 5 K1,
and o, = (4.2% 1.4)-107% K~1. Another meas-
urement, of o, only, by the same method
[28] resulted in negative values in the whole
measurement temperature range (200 to
1600 K). We are not aware of further ex-
perimental attempts to directly investigate
the thermal expansion of SWNT bundles,
but some experiments have been made to
estimate the thermal expansion from the
temperature dependence of the radial
breathing Raman modes of nanotubes. Al-
though these modes shift down rapidly with
rising temperature, indicating a large
strong positive thermal expansion coeffi-
cient, it was concluded by Raravikar et al.
[7] that this effect is almost completely
caused by changes in intra- and intertube
interactions, and that o, is very small.

It is rather problematic to compare our
results with theoretical data quantitatively,
mainly because the available theoretical
studies are concerned with the radial and
axial thermal expansion of individual CNTs
only. Some works offer only general conjec-
tures on how thermal expansion can be af-
fected by the interaction of nanotubes in a
bundle (e.g., see [8]). Also, there is a poor
agreement between theoretical conclusions
from different works on the TEC magni-
tude, sign and temperature dependence, the
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effect of chirality and CNT diameter on
thermal expansion, and on correlation be-
tween the radial and axial thermal expan-
sion components for nanotubes. For exam-
ple, the thermal expansion is negative in a
wide temperature interval (0—-800 K) in [4],
changes from negative values at low tem-
peratures to positive ones at moderate and
high temperatures in [8], or is positive at
all the temperatures investigated in [6].

The qualitative interpretation of our re-
sults is based on the Gruneisen coefficients
calculated [8] for carbon modifications —
diamond, graphene, graphite and nanotubes.
It is found [8] that the Gruneisen coeffi-
cients and the radial thermal expansion of
CNTs are negative at relatively low tem-
peratures, an effect caused mainly by the
contribution from transverse acoustic vibra-
tions perpendicular to the CNT surface.
However, our measurements show that a
negative thermal expansion coefficient ex-
ists only in a temperature interval much
more narrow than found in the calculations
[8]. We believe that the main reason for
this is that the calculations were performed
for individual nanotubes only [8]. Our sam-
ple is clearly dominated by CNT bundles
(Fig. 1), and in this case, additional factors
contributing to the thermal expansion come
into play. First, there appears a positive
contribution o, caused by variations of the
intertube gaps with temperature. Secondly,
the nanotube interaction in the bundles sup-
presses the negative contribution of the
transverse acoustic vibrations perpendicular
to the nanotube surfaces [8]. These two
positive contributions to the thermal expan-
sion of SWNT bundles decrease both the
magnitude and the temperature region of
the total negative thermal expansion. If we
use this model and assume o to vary slowly
with temperature over a wide temperature
interval, we can use the data shown in Fig. 2b
to estimate a; = (—421)- 108 K™l at T = 2.2 K.
Assuming further that the temperature-de-
pendent part of o at low temperatures is
dominated by a positive coefficient oy, we
see from Fig. 2b that a polynomial of the
third order in T is a good approximation to
ag(T) up to about 25 K.

Although the data scatter is rather high,
it is clear that to get a good fit, it is neces-
sary to include one term in T3 and one term
linear (or, with a less good fit, quadratic) in
T. In the Gruneisen model, the thermal ex-
pansion coefficient of a bundle is closely
related to its specific heat capacity, and it
is well known that the experimentally found
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low-temperature specific heat of nanotube
bundles shows a similar behavior above 2 K
[29]. In that case, the experimental behav-
ior cp(T) =aT + bT3 could be fitted by an
anisotropic two-band Debye model at weak
coupling between tubes in the bundle by
adding a contribution from the first optic
branch. It thus seems quite reasonable to
attribute the strongly temperature-depend-
ing positive component of the total thermal
expansion to o, The data in Fig. 2a also
show a noticeable plateau-like structure be-
tween 40 and 60 K. We point out that the
intermolecular interaction in Cgy, which
should be similar in magnitude to the inter-
tube interaction, corresponds to an effective
Debye temperature near 50-60 K which
gives rise to a plateau in the specific heat
in this range for both molecular and poly-
meric Cgy [30]. The plateau structure ob-
served here might thus indicate the cross-
over between the acoustic modes and the
lowest optical/molecular 3D modes in the
bundle lattice.

Carbon nanotubes (CNT) prepared by
standard methods (electric-arc, laser evapo-
ration of carbon, or CCVD method) are ar-
ranged into bundles. Inside a bundle, the
CNTs form a close-packed two-dimensional
(2D) triangular lattice [31]. Normally,
CNTs have fullerene-like semispheres at the
ends (CNTs with closed ends, or ¢c-SWNT).
The final CNT product can contain large
amounts of amorphous carbon, fullerenes,
and other carbon modifications [2, 31-37].
The currently used methods of cleaning
CNT materials involve oxidative treatment
with acid-oxidant mixtures, ozone [38], etc.
Those cause a partial or complete opening
of the CNT ends and produce defects at the
lateral surfaces. The possible sites for sorp-
tion of gas impurity molecules in bundles of
infinite, open and equal-diameter SWNTs
are shown in Fig. 3. However, in practice,
such SWNT systems may include additional
zones of impurity sorption. For example,
nanotubes of different diameters form
rather large channels parallel to the nano-
tube axes, which can be occupied by impu-
rity molecules [39]. Besides, oxidation can
produce interstices between the nanotubes
in a bundle [18].

We investigated Xe sorption in ¢c-SWNT
and o-SWNT powders at T = 78-200 K. The
choice of the temperature interval and the
impurity was dictated by the following con-
siderations. The interaction of gas impuri-
ties with different parts of the CNT surface
is most evident at low temperatures. Owing
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Fig. 3. Possible sorption sites of gas impurity
molecules in bundles of infinite, open and
equal-diameter SWNTs.

to their geometric configuration, the SWNT
bundles ideally (Fig. 3) have preferable sites
where sorption of impurity molecules is en-
ergy-favorable. A number of theoretical
models were proposed [39—43] to describe
the physical sorption and dynamics of impu-
rity gas molecules at the surface and in the
interstitial channels of SWNT bundles. Ac-
cording to mathematical simulations [43],
the inner CNT surfaces and the interstices
between the neighboring tubes at the sur-
face of SWNT bundles (the grooves — G,
Fig. 3) are the most energy-favorable sites
for sorbing the impurity gas molecules. Xe
was used because the SWNT/Xe system is
already a well-studied "model” system [44-—
47]. A Xe atom is too large to penetrate
into the interstitial channels (IC) of close-
packed bundles of identical nanotubes hav-
ing the binding energy to impurity mole-
cules comparable to that at the inner sur-
face [20]. Therefore, the Xe impurity is
sorbed inside a nanotube (I), in a groove
between two neighboring tubes at the outer
surface of a bundle (G), and at the surface
of the individual tubes forming the outer
surface of a bundle (S) (see Fig. 3). To ob-
tain the information on the gas impurity
desorption from CNT materials, a labora-
tory test setup was constructed to study the
Xe sorption and desorption process in a
CNT powder at T = 78-200 K.

The sorption properties of the starting
pure ¢c-SWNT powder (0.0416 g) were exam-
ined by thermo-programmed desorption.
Fig. 4 illustrates the temperature distribu-
tion of the desorbed impurity. The greatest
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Fig. 4. Temperature distribution of Xe impu-
rity (mole per mole and mole per gram)
desorbed from powder samples of c¢c-SWNTs
(dark columns) and o-SWNTs (light columns).

amounts of Xe were desorbed at T = 125—
135 K. In the case of close-packed bundles
of infinite equal-diameter SWNTs (Fig. 3),
the highest desorption of Xe in this tem-
perature interval is expected from the
grooves at the outer bundle surface (G) and
from the interior channels of some nanotu-
bes (I), because Xe atoms have the highest
and nearly equal binding energies at these
sites [47]. In our powder, the desorption can
be enhanced considerably by removal of Xe
atoms out of the axial large-diameter chan-
nels (IC). Such channels are possible in bun-
dles of nanotubes of varying diameters.
Xenon can penetrate into interior channels
through defects at the ends or the lateral
surfaces that can be present in some nano-
tubes of the starting powder. A rather
small amount of Xe was also desorbed at
T =100-105 K, which may be due to re-
moval of the layers (S) of Xe molecules
formed at the outer surface of SWNT bun-
dles.

To open the nanotube ends, a portion
(0.0705 g) of the starting powder was
placed into a capsule which was evacuated
for 8 h and then heated to 450°C. At this
temperature, the capsule was filled with air
for 12 min under atmospheric pressure. Ac-
cording to literature data, the ends of over
90 % of CNTs must be opened through this
procedure [48]. Thereafter, the capsule was
evacuated again to about 1073 Torr, heated
to 750°C and held at this temperature for
an hour to remove the gaseous oxidation
products. The post-treatment weighing has
shown a powder mass loss of about 5 %.
The sorption properties of the nanotubes
with opened ends were then examined using
the same thermo-programmed desorption
technique. The oxidation-induced opening of
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the CNT ends made the inner CNT surfaces
and the intertube interstices in the bundles
accessible to Xe sorption [18], which enhanced
the SWNT powder sorption capacity almost
fivefold as compared to the starting material
(see Fig. 4).

The radial thermal expansion of Xe-satu-
rated SWNTs was studied on the compacted
sample used previously to measure the
LTECs of pure SWNTs. Immediately before
measurement, the cell with a pure CNT
sample was evacuated at room temperature
for 96 h and then filled with Xe at
760 Torr. The evacuated measuring cell of
the dilatometer with the sample in the Xe
atmosphere was cooled to 90 K. At this
temperature, it was evacuated again and
then cooled to liquid helium temperature.
The thermal expansion was measured in
vacuum down to 1-1075 Torr.

The temperature dependence of LTEC for
a Xe-SWNT sample in the interval 2.2-75 K
is shown in Fig. 5 (curve 1). The sharp in-
crease in LTEC values of the Xe-saturated
sample (cf. curves 1, 3) can reasonably be
attributed to the heavy Xe atoms affecting
the transverse vibrations of the nanotubes
in the direction perpendicular to their sur-
face. At low temperatures, the Gruneisen
coefficients of such vibrations are negative
in two-dimensional (graphene) or quasi-two-
dimensional (graphite, nanotubes) carbon
systems [8, 49] and positive in a three-di-
mensional carbon modification (diamond).
The formation of SWNT bundles and the
sorption of impurity atoms at the surface or
inside the nanotubes generate three-dimen-
sional features in the system. As a result,
the negative Gruneisen coefficients of such
system decrease in magnitude or become
positive. The thermal expansion coefficients
are expected to behave in a similar way.
That is why the negative contribution to the
radial thermal expansion of Xe-saturated
SWNT bundles decreases and shifts towards
lower temperatures (see Fig. 5; cf. curves 1,
2 and 3).

In contrast to pure CNTs, the thermal
expansion of Xe-saturated SWNTs is similar
during the first heating and in the sub-
sequent heating and cooling runs. It is pos-
sible that the first heating of pure SWNT
bundles with xenon can make the system
more rigid and its geometry insensitive to
heating at low temperatures.

It is interesting that the LTECs have
maximum values in the interval 50-65 K,
which may be a manifestation of spatial re-
distribution of Xe atoms in the SWNT bun-
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Fig. 5. The radial LTECs of SWNT bundles: I, Xe-saturated bundles; 2, after partial Xe removal at
T =110 K; 3, pure SWNTs (a,) at T = 2.2-75 K (a) and 2.2-7 K (b), compacted sample.

dles. The potential energy simulation (by
Wang-Landau algorithm) [23, 50] for a sys-
tem of SWNT bundles saturated with inert
gases predicted peaks in the temperature
dependence of the heat capacity at T = 50—
100 K, attributed to reordering of the im-
purity atoms.

To test the prediction, it was necessary
to remove the Xe impurity from the surface
of the SWNT bundles. To that end, the sam-
ple was heated to T = 110 K. This tempera-
ture causes an intensive Xe desorption from
the sample surface but leaves it undisturbed
in the grooves of the SWNT bundles (G) and
the inner interstices (I) of the nanotubes
having surface defects (Fig. 4). The sample
was kept at T =110 K until the desorbed
Xe was completely removed and the pressure
in the measuring cell reached ~ 1-1075 Torr.
The sample was then cooled to T=2.2 K
and the thermal expansion was measured
again (Fig. 5, curve 2). It is seen that the
LTEC peak is much lower after Xe was re-
moved from the SWNT bundle surfaces.
However, this partial Xe desorption leaves
the temperature dependence of the LTEC
practically unaffected outside the interval
of the peak. This suggests that the Xe
atoms localized at the bundle surface affect
only slightly the thermal expansion of
SWNT bundles when the process of spatial
redistribution of atoms are absent.

In conclusion, temperature dependences
of the radial thermal expansion coefficients
o(T) for pure and Xe-saturated SWNT bun-
dles at low temperatures have been studied
experimentally for the first time. The meas-
urements were made on heating and cooling
the samples in the interval 2.2-120 K using
a capacitance dilatometer. The dependence
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o, (T) measured on the first heating shows a
very strong nonequilibrium effects, and in
the interval 8.2-120 K it differs signifi-
cantly from the well reproducible equilib-
rium dependences o,(T) measured at sub-
sequent heating and cooling runs. The equi-
librium radial thermal expansion
coefficients o, (Fig. 2, curve I) are positive
above 5.5 K and negative at lower tempera-
tures. The nonequilibrium radial thermal
expansion coefficients o, (Fig. 2, curve 2)
are negative in the interval 2.2-82 K. It is
assumed that the non-equilibrium o,.-values
measured at the first heating of the sample
are due to the irreversible alignment and
ordering of the bundle positions and the
nanotubes in the bundles at rising tempera-
ture. As this occurs, the system density in-
creases, so the thermal expansion becomes
negative.

The qualitative interpretation of the
equilibrium dependence o (T) is based on
the theoretical conclusions about the
Gruneisen coefficients for carbon modifica-
tions [8]. The Gruneisen coefficient and the
radial thermal expansion of nanotubes are
negative at reasonably low temperatures
[8], what is defined mainly by the contribu-
tion of the transverse acoustic vibrations
perpendicular to the mnanotube surfaces.
However, in the experiment, the tempera-
ture interval of the negative thermal expan-
sion is much narrower in comparison with
the theoretical predictions. This is most
likely because the cited theory [8] consid-
ered individual nanotubes. Additional con-
tributions to the thermal expansion come
into play in SWNT bundles. First, there is
a positive contribution O, caused by vari-

Functional materials, 16, 4, 2009
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ations of the intertube gaps with tempera-
ture. In addition, the nanotube interaction
in the bundles suppresses the negative con-
tribution from the transverse acoustic vi-
brations perpendicular to the nanotube sur-
faces [8]. These two positive contributions
to thermal expansion of the SWNT bundles
decrease both the magnitude and the tem-
perature interval of the negative thermal
expansion.

The saturation of SWNT bundles with
xenon brings about new features in their
thermal expansion. First, the o, value in-
creases sharply in the whole temperature
range being investigated. This is because
the Xe impurity suppresses the negative
contribution to the thermal expansion from
the transverse acoustic vibrations perpen-
dicular to the nanotube surfaces [8]. Sec-
ond, the dependence o (T) has a peak in the
50—65 K interval, which appears to be due
to the spatial redistribution of the Xe atoms
over the SWNT bundle surfaces. The re-
moval of Xe impurity from these surfaces
decreases the peak significantly but leaves
the temperature dependence of the LTEC
practically unchanged outside the interval
of the peak. This suggests that the Xe
atoms located at the bundle surfaces effect
weakly the thermal expansion of SWNT
bundles when the processes of their spatial
redistribution are absent. Third, for the Xe
saturated material, there is no non-equilib-
rium thermal expansion behavior such as
was observed during the first heating of the
sample and attributed to irreversible align-
ment and ordering of the bundle positions
and nanotubes in the bundles at rising tem-
perature. Perhaps the saturation with Xe
makes the system of SWNT bundles more
rigid and its geometry insensitive to heat-
ing in a low temperature interval.

Finally, the employed thermopro-
grammed desorption technique has made it
possible to measure the temperature depend-
ence of Xe desorption from both open and
closed SWNT bundles.

The author is thankful to Science Tech-
nology Center in Ukraine for the financial
sapport of this study (project Ne4266)
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TemnjsoBe PO3MMPEHHA MKTYTIB OJHOCTIHHHX BYTJiell€éBHX
HAHOTPYOOK IPHU HU3BKHUX TeMIepaTrypax

O.B./lonbun

B iuTepsaui Temneparyp 2,2-120 K Bumipsino KoediljieHTH pagiaJbHOr0 TEILJIOBOIO PO3-
IIMPEHHA (. YUCTUX TA HACHYEHUX KCEHOHOM [XKIYTiB OTHOCTIHHUX BYIJIEIEBUX HAHOTPY-
60x. 3HaueHHA O, € AojJaTHUMHU Bumie 5,5 K Ta Big'eMHMMM NpM HMKYKX TeMIepaTypax.
HocaimKeHnil 3pasoK OZEP:KaHO IIPEeCYyBaHHAM ITOPOUIKY HAHOTPYOOK, B PE3yJILTATI AKOro oci
HAHOTPYOOK OyJIM OpieHTOBaHI MepHeHAUKYJAAPHO oci 3paska. Omep:kaHi pesyJabTaTH T03BO-
JNAI0Th TPUIYCTUTH, IO 3HAYEHHA (. IHAWBiAyaJbHMX HAHOTPYOOK Big’eMHi, Tomi AK mia
00’¢MHOI0 3pasKa, BHACIIZOK BKJIALy [IKIYTiB HAHOTPYOOK, o, € nomaTHUM. JlomyBaHHA
HAHOTPYOOK KCEHOHOM CIPUYMHHUJIO DisKe 30inblmIeHHA a0CONIOTHUX 3HAYEHb O, B yCHOMY
inTepBayi TemMmepaTyp, AKWIl AOCTifKeHO, a TaKOXX BUHMKHEHHA Hika Ha saxexHocTi o (T)
y TemmeparypHoMy iHTepBasi 50—-65 K. HacrynHe sHMIKeHHSA KOHIEHTpalii JoMimKu KceHo-
HY CIPUYUHUJIO iCTOTHE 3SMEHINEeHHS BeJIWYUHU MiKa, OJHAK INPaKTUYHO He BIJIMHYJIO Ha
3HaueHHS Koe(illieHTa TenJoBOro pO3IIMpPEHHS 3pasKa I103a 00JIacTio IMiKa. 3alpoIlOHOBAHO
fAKiCHe TIOACHEHHS BUABJEHUX OCOOJMBOCTEl.
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