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Specific Molecular Motion of Adamantane Induced
by Hydrophobic Nanoslits in ACF as Studied Using
Solid-State 1H, 2H, and 13C NMR
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Keisuke Miyakubo1, and Taro Eguchi1,2

1Department of Chemistry, Graduate School of Science, Osaka
University, Toyonaka, Osaka, Japan
2The Museum of Osaka University, Toyonaka, Osaka, Japan

Molecular motion of adamantane confined in activated carbon fiber (ACF) with
slit-width of 1.1 nm was investigated using solid state 1H, 2H, and 13C NMR analy-
ses. Temperature dependence of the 2H spin-lattice relaxation time revealed that
adamantane undergoes rapid isotropic reorientation in ACF that is much faster
than in bulk plastic crystal. Temperature dependence of the line width of the 1H
NMR spectrum also suggests that adamantane undergoes translational motion
in ACF. The single minimum potential profile between adamantane and the pore
wall might engender the high mobility of guest adamantane molecules as a
‘‘two-dimensional fluid.’’

Keywords: activated carbon fiber; adamantane; molecular motion; solid state NMR

INTRODUCTION

Activated carbon fiber (ACF) has homogeneous and hydrophobic slit-
type nanopores with slit-width of 1–2 nm [1]. It has large surface area
and exhibits strong affinity to many organic molecules. The nanoslit
in ACF is regarded as a quasi-two-dimensional nanospace, in which
a unique and anisotropic potential field is expected. Such a two-
dimensionally restricted space will give rise to a specific state of mol-
ecular condensation. In fact, a hexatic phase of carbon tetrachloride
(CCl4) in ACF quasi-two-dimensional nanopore has been observed
using the nonlinear dielectric effect [2]. This phase is an intermediate
phase, which resembles smectic B liquid crystal. It appears specifically
in the two-dimensional molecular arrangement, as predicted by the
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KTHNY theory [3]. In this phase, CCl4 molecules form a two-dimen-
sional layered structure in which each molecule is arranged locally
in a pseudo-hexagonal lattice, but not with long-range order among
molecules. Consequently, the intermolecular interaction in the aniso-
tropic space makes it possible to provide a specific and particular local
structure and dynamics of guest molecules. It is important and desir-
able to examine a particular and anisotropic molecular assembly of
isotropic globular molecule such as CCl4 in the restricted nanospace
from microscopic viewpoints.

Adamantane is a representative globular molecule, of which the
diameter (0.76 nm) is larger than that of CCl4 (0.59 nm) [4]. Adamantane
crystallizes the body-centred tetragonal lattice with a ¼ 6.641 Å and
c¼ 8.875 Å less than 208 K (called b-phase). In this phase, the molecular
reorientation of adamantane freezes the molecular reorientation, and
the molecular orientation is ordered. At temperatures greater than
208 K, the bulk crystal of adamantane changes to a face-centred cubic
lattice with a ¼ 9.54 Å (called a-phase). In this phase, adamantane
rotates rapidly, thereby disordering the orientation. The highly dis-
ordered structure in molecular orientation is regarded as a kind of
smectic D liquid crystal, and is designated as a plastic crystal by
Timmermans [5]. This phase has many lattice defects and shows
high mobility in the molecular reorientation as well as a large self-
diffusion constant, which is two or three orders of magnitude larger
than that of normal crystal phase [6]. For example, although the ordinal
crystalline self-diffusion constant is ca. 10�15 m2 s�1 near the melting
point, that of adamantane is ca. 10�13 m2 s�1. This order of diffusion
constants is similar to an intermediate value between a liquid and solid
like a liquid crystal.

Restriction of space will affect such physical-chemical properties in
bulk adamantane. The quasi-two-dimensional nanospace in ACF will
also bring about a hexatic phase of adamantine as CCl4. Additionally, it
is expected to show the specific phase relation of adamantane condensed
in ACF nanoslit, which differs from that in bulk because of its anisotropic
intermolecular interaction. To date, most previous works have specifi-
cally addressed static properties such as the crystal structure and ther-
mal behavior of guest molecules in ACF nanospace [7–9]; however, the
effect of confinement on the intermolecular interaction will be evaluated
from activation parameters for molecular motion. Solid-state NMR
is a useful tool to investigate the dynamic behavior of confined guest
molecules in ACF. Furthermore, we have conducted solid-state NMR
studies of molecular motion in CO2 and D2O confined in ACF [10,11].

In this study, we measured solid-state 1H, 2H, and 13C NMR
spectra and 2H spin-lattice relaxation times (T1) in adamantane and
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deuterated adamantane confined in a nanoslit of ACF to examine the
molecular motion of adamantane. Temperature dependence of 1H
NMR line width and 2H T1 provided activation parameters of adaman-
tane in ACF. Based on the activation energy, we discussed the inter-
molecular interaction of adamantane in the ACF nanoslit. Results
showed that the confinement in ACF nanoslit enhances the mobility
of molecular reorientation as well as the translation of adamantane.

EXPERIMENTAL

Pitch-based activated carbon fiber (ACF20A) was supplied from Osaka
Gas Co. Ltd. The porosity of ACF was characterized using N2 adsorp-
tion isotherms; the slit width was 1.1 nm, as described elsewhere [11].
Adamantane was purchased from Wako Pure Chemical Industries
Ltd. (Japan). Adamantane-d16 (98% atom D) was purchased from
C=D=N Isotopes Inc. (Canada). Accommodation of adamantane in
ACF was carried out by the following procedure. An appropriate
amount of fibre-shaped ACF and adamantane were put into each
branch of a Y-shaped glass tube with a needle valve; reduced pressure
in the Y-shaped glass tube was achieved using a diaphragm pump.
The needle valve was closed; then the Y-shape glass tube was
heated to 363 K in a thermostatic bath for 2 days. The resulting
sample was mashed to powder; then it was heated again in atmos-
phere to leave bulk adamantane adsorbed onto the sample surface
and co-adsorbed water from humidity. We prepared two samples:
one includes adamantane-d16; the other includes normal adamantane
as a guest. The adsorption amount of adamantane was estimated
using TG-DTA measurements: 0.52 g=ACF 1 g for ACF=normal ada-
mantine; 0.48 g=ACF 1 g for ACF=adamantane-d16 samples. The
specimens were heated for 4 h at 363 K to leave water from the
atmosphere and air in the thermostatic bath. As shown by TG-DTA,
the absorbed adamantane were desorbed slightly, then sealed in glass
ampoules (5 mm O.D. and 20–30 mm length) with helium gas.

All NMR measurements were conducted using a spectrometer
(DSX-200; Bruker Analytik GmbH) operating at the Larmor frequency
of 200.13 MHz for 1H, 30.7 MHz for the 2H and 50.3 MHz for the 13C
nuclei. For 1H and 2H NMR measurements, the free induction decay
(FID) signals were recorded using the solid-echo pulse sequence, which
comprises two p=2-pulses of 4-ms length, a pulse interval of 30 ms, and
a repetition time of 4 s (echo top was not observed). The wide-line
spectrum was obtained by Fourier transformation of the FID signal.
In addition, 2H T1 measurements were performed using inversion
recovery method with a p=2-pulse and p-pulse of 5ms and 10 ms.
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The 13C NMR spectrum was recorded using a single pulse sequence:
p=2-pulse of 3.5 and 4 ms using 60 and 70 kHz H-decoupling CW pulse
and a repetition time of 4s.

Temperature control was achieved by flowing N2 gas, which was
regulated within the experimental error of � 0.5 K using a
temperature controller (VT-3000; Bruker Analytik GmbH).

RESULTS
13C NMR Spectrum of Adamantane in ACF

Figures 1(a) and 1(b) show the 13C wide-line NMR spectra of ACF,
including adamantane and of guest-free ACF, observed at room tem-
perature under stationary conditions. In Fig. 1(a), methyene (CH)
and methylene (CH2) carbons in adamantane give rise to isotropic
and sharp resonance lines at 25 ppm and 34 ppm, respectively, in spite
of observations that were made under no sample spinning with a
magic angle. No observation of the anisotropic powder patterns clearly
indicates that adamantane molecules undergo isotopic molecular
reorientation sufficiently fast to average out the chemical shift ani-
sotropy at room temperature. The 13C chemical shifts of adamantane
in ACF are smaller than those in bulk solid (29.5 ppm for CH and
38.5 ppm for CH2) [12]. These are caused by a ring current effect of

FIGURE 1 13C-NMR spectra of adamantane in ACF (a) and guest-free ACF
(b). A very broad signal around 200 ppm is assigned to ACF carbons. Two nar-
row signals are assigned to two kinds of adamantane carbon (CH and CH2).
Sharp signal around 210 ppm is spike noise caused by irradiation of the rf
pulse.
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graphene sheets on the ACF pore surface, strongly suggesting that all
adamantane molecules were accommodated in the ACF slit. In con-
trast, ACF gives rise to a broad resonance line, distributed within 0–
300 ppm, as depicted in Fig. 1(b). This broad peak was also observed
in the specimen including adamantane, implying that inclusion of ada-
mantane merely changes the structure of the ACF pore wall.

2H Spin-Lattice Relaxation Time of Adamantane-d16

Confined in ACF

The inset of Fig. 2 shows the 2H wide-line NMR spectrum of adaman-
tane-d16 confined in ACF at 127 K. Even at 127 K, adamantane-d16 in
ACF gives rise to an isotropic structureless resonance line, strongly
suggesting the fast isotropic reorientation of adamantane in ACF. To
obtain activation parameters for isotropic molecular reorientation of
adamantane-d16, we assessed the temperature dependence of 2H spin
lattice relaxation time (T1) using inversion recovery method. In fact,
2H T1 is controlled using fluctuation of an EFG tensor, being mainly
caused by rotational motion. The large quadrupole-coupling constant
(QCC) will engender a short T1 value, which is unaffected by the

FIGURE 2 Temperature dependence of 2H T1 of adamantane-d16 in ACF20A
(.) and bulk (�). The T1 value in bulk was cited from Ref. 14. The inset shows
2H NMR spectrum of adamantane at 127 K.
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paramagnetic component. Therefore, 2H T1 is favorable for detection of
the reorientation of adamantane-d16 in paramagnetic media such as
ACF. Figure 2 shows the temperature dependence of 2H T1 for adaman-
tane-d16 in ACF. The minimum of T1 was observed at 135 K, but the
lower region was unobservable because of the limitations of our appar-
atus.

According to Bloembergen, Purcell, and Pound, when the fluctu-
ation of the electric-field-gradient (EFG) tensor results from the
molecular reorientation, the inverse of T1 is represented as the follow-
ing equation [13],

1

T1
¼ 3

40
1þ g2

3

� �
2p � e

2Qq

h

� �2
sc

1þ x2
0 s2

c

þ 4sc

1þ 4x2
0 s2

c

� �
; ð1Þ

where e2Qq=h is a quadrupole coupling constant, g is asymmetric
parameter of the EFG tensor and sc is the correlation time of molecu-
lar reorientation. We assume an Arrhenius-type activation process
for molecular reorientation to the temperature dependence of the
correlation time,

sc ¼ s0 expðEa=RTÞ; ð2Þ

where s0 is the pre-exponential factor and Ea is activation energy.
Using Eqs. (1) and (2), we reproduced the temperature dependence
of 2H T1, as depicted by the solid line in Fig. 2. In adamantane,
the principal axis of the EFG tensor is on the C-D bond; it is good
approximation for g to be zero. The reproduced data yielded the follow-
ing activation parameters for isotropic molecular reorientation of ada-
mantane: 8.8 kJ�mol�1 of apparent activation energy (Ea), 1.5 ps of
pre-exponential factor of correlation time, and 43 kHz of e2Qq=h. In
fact, Wasylishen et al. reported that 2H T1 in the bulk a-phase implied
174 kHz of e2Qq=h, 0.1 ps of pre-exponential factor of correlation time,
and 13.4 kJ�mol�1 of Ea [14]. The T1 value at the high-temperature
side of the minimum is longer than that of bulk solid in the a-phase.
This aspect implies that the minimum of V-shaped relaxation curve
shifts toward the low-temperature side for adamantane-d16 in ACF:
reorientation of adamantane in ACF is much more rapid than that
in bulk plastic phase. The lower value of Ea in the present study indi-
cates that adamantane in ACF more readily undergoes isotopic mol-
ecular reorientation than in bulk a-phase. In addition, the obtained
e2Qq=h value was about a quarter of that reported in bulk, which
implies the possibility that other anisotropic motion was excited at a
lower temperature than that used to collect our experimental data.
The two-dimensionally restricted space in ACF might facilitate the
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anisotropic reorientation of globular molecules: the molecular reorien-
tation around an axis perpendicular to the slit-typed pore wall will be
easier to observe than that around the axes parallel to the slit-typed
pore wall because the friction between adamantane and pore wall will
hinder the molecular orientation. Such an anisotropic motion of the
globular guest molecules in the anisotropic nanospace was reported
in some zeolites: cyclohexane in KL zeolite [15] and MOF-5 [16].

1H NMR of Adamantane in ACF

Figure 3 shows the temperature dependence of the 1H NMR spectrum
for the powdered specimen of ACF including adamantane. The reson-
ance line at 150 K consists of at least two components with different
line widths. The broader component shows 8.8 kHz of the full width
at half maximum (FWHM). The spectrum depends clearly on tem-
perature, and narrows to 0.8 kHz at 270 K. The existence of a tem-
perature-dependent spectrum strongly suggests that the resonance
line originates from adamantane. In contrast, the recovery curve of
the 2H magnetization can be fitted by a single exponential decay.
The 2H quadrupole interaction, which broadens the line width, causes
the fast spin diffusion between the subspin systems, probably achiev-
ing a single spin temperature in a whole spin system.

In contrast, the 1H NMR spectrum of the dried ACF powder sample
without adamantane is presented in Fig. 4. The 1H signal will come

FIGURE 3 Temperature dependence of the 1H NMR spectrum of adaman-
tane in ACF20A. Dotted and dashed lines show two Gaussians using
reproduction of the experimental spectrum.
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from the chemisorbed water as well as the protons bonded to the
aliphatic and=or aromatic carbons. The resonance line in the dried
ACF sample is much broader than that for the powdered specimen
of ACF including adamantane, also suggesting that the narrow and
temperature-dependent spectrum in Fig. 3 is attributable to protons
in the adamantane molecules. On the other hand, in bulk adaman-
tane, the isotropic molecular reorientation was frozen to less than
150 K; also, the M2rigid value in a rigid lattice is evaluated as 22 G2,
which corresponds to ca. 46 kHz of FWHM for Gaussian resonance
line. In this case, the intramolecular contribution of 1H-1H dipolar
interaction to M2rigid is evaluated as 15.8 G2 (ca. 39 kHz of FWHM
for Gaussian resonance line) based on the molecular structure of ada-
mantane [18]. The resonance line becomes narrow when the tempera-
ture increases. After transition to the plastic phase, the second
moments of the 1H NMR resonance line are suddenly reduced; they
have a constant value of 0.9 G2 (ca. 9.4 kHz of FWHM for Gaussian res-
onance line) over the temperature range of 150–500 K. the second
moment of 0.9 G2 results solely from the intermolecular contribution
of 1H-1H dipolar interaction because of complete averaging out of the
intramolecular 1H-1H dipolar interaction by isotopic reorientation.

Comparing 1H-NMR line width of bulk adamantane with that in
ACF, the obtained line width of adamantane in ACF shows that ada-
mantane in ACF is activated more intensely and undergoes molecular
reorientation much more rapidly than that of bulk. This feature is con-
sistent with the description of the molecular motion as resulting from
the 2H spin-lattice relaxation time. To discuss the molecular motion
quantitatively, we examined the temperature dependence of the line
width of the 1H NMR spectrum for adamantane in ACF. Although
the 1H spin-lattice relaxation time (1H T1) is commonly used for study-
ing molecular dynamics in solid phase, the paramagnetic species
contained in this specimen significantly shortens 1H T1 and obscures

FIGURE 4 1H NMR spectrum of the dried ACF20A powder specimen
observed at room temperature.
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the contribution of molecular motion to the relaxation mechanism.
Because a 1H gyromagnetic ratio is 6.5 times larger than that of 2H,
the contribution of T1 relaxation through 1H-electron dipole interac-
tion is expected to be 42 times larger than that through 2H-electron
dipole interaction. However, the 1H line width is generally affected
by the net electron spins, which are partially averaged out by the rapid
flip-flop motion of electron spins. Moreover, 2H has a quadrupole
moment and interacts with the electron field gradient around a
nucleus. Since the quadrupole interaction is much larger than 1H-1H
magnetic dipole interaction, the spin-lattice and spin-spin relaxation
processes are mainly dominated by the quadrupole interaction. There-
fore, the paramagnetic effects will be little affected to the 2H T1 relax-
ation as well as the line shape for adamantane undergoing rapid
isotopic reorientation. The 1H T1 measurement presents a disadvan-
tage for investigation in graphites and zeolites containing paramag-
netic components [19]. Compared to T1, the line width of 1H NMR is
sensitive to the slower molecular motion between 10�4 s to 10�7 s. In
the temperature range of 130–242 K, we reproduced the resonance
line at each temperature using superimposition of two Gaussian
functions. The 1H NMR signal from ACF itself was not used in the
line shape analysis because the resonance line is too broad. At other
temperatures, the spectrum was reproduced well using a Gaussian
peak. The resultant line widths are shown in Fig. 5 as a function of
temperature. As the temperature decreases, the FWHM increases.
Appearance of two kinds of resonance lines with different width

FIGURE 5 Temperature dependence of the full-width at half maximum of the
1H NMR spectrum for adamantane in ACF20A: narrow component (.) and
broad component (�).
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implies that adamantane forms a domain-like structure in ACF: one
is considerably mobile even at less than 150 K; the other has
gradually slowing motion to less than 235 K. This probably arises from
the inhomogeneous distribution of adsorption sites for adamantane in
the ACF slit-type nanopore. Our previous work also pointed out the
existence of the inhomogeneous distribution of adsorption sites for
CO2 [11].

Assuming the correlation time of motion controlling line width to be
sc, the FWHM, Dn, is represented according to a theoretical relation-
ship described by Kubo and Tomita [20], as

Dn2 ¼M2residual þM2rigid � ð2p�1Þ � tan�1 2p � sc � Dn � af g; ð3Þ

where M2residual is the second moment of the resonance line after the
motional narrowing, M2rigid is the second moment of the resonance line
in a rigid lattice, and a is an empirical parameter (usually this is in the
order of unity) [21].

For adamantane confined in ACF, two kinds of components are
included in the resonance line at less than 235 K. The broader compo-
nent appears at about 9 kHz at 130 K and decreases gradually to about
3 kHz with increasing temperature. The line width at 130 K is compa-
rable to the line width of bulk adamantane in the plastic phase (ca.
9.4 kHz) [17,18]. If line broadening is caused by the isotropic molecular
reorientation, the expected line width can be estimated using the cor-
relation time, sc, as determined from 2H T1 measurement. Substitut-
ing sc and M2rigid ¼ 15.8 G2 into Eq. (3), we obtained Dn which is
approximately equal to (M2residual)

1=2. Therefore, Dn is independent of
the rotational correlation time at temperatures of 130–235 K: the
translational motion of adamantane in ACF, rather than the isotopic
rotational motion, will effectively average out the intermolecular
1H-1H interaction.

Furthermore, the narrower component shows slight temperature
dependence in comparison to the broader one. The FWHM value
changes from 2 kHz at 130 K to 0.8 kHz at 270 K, which implies that
adamantane contributing to the narrower resonance line undergoes
translational motion in ACF much more readily than that contributing
to a broader resonance line.

DISCUSSION

The activation energy of molecular reorientation is given as 2H NMR
to be 8.8 kJ �mol�1, which is less than that in bulk crystal
(12.7 kJ �mol�1 for a-phase [18], 13.4 kJ �mol�1 for a-phase-d16 [14]
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and 27.3 kJ �mol�1 for b-phase [18]). This aspect shows that molecular
reorientation is easily excited in the ACF nanoslit in comparison to a
plastic phase of the bulk solid. The observed Ea value in ACF is closer
to that in a solution state than a solid state. Ancian et al. reported Ea

values of molecular rotation of adamantane in various n-alkane solu-
tions. They indicated that the potential barrier for molecular rotation
of adamantane is independent of a collision with neighbouring solvent
molecules, yielding a constant Ea value of 5.5 kJ �mol�1 in various
n-alkane solutions [22]. They proposed a microscopic picture that
adamantane undergoes rotational motion in a cavity composed of
neighbouring solvent molecules.

In the ACF slit-type pore, we will discuss the intermolecular inter-
action between adamantane molecules in terms of the average inter-
molecular distance between guests, which can be estimated from the
pore volume of ACF and the loading amount of adamantane. N2

adsorption isotherm gives a pore volume of 0.9� 10�6 m3=g in ACF20A
[11]. Assuming the 2-dimensional hexagonal closed packing of ada-
mantane in the ACF slit (1.1 nm of slit width), the loading amount
of guest (0.52 g=ACF 1 g for ACF=normal adamantane and 0.48 g=ACF
1 g for ACF=adamantane-d16) leads to the area that is occupied by a
guest molecule; 3.2� 10�19 m2 for normal adamantane and 3.9�
10�19m2 for deuterated specimen. Both areas correspond to the area
of circle with the radius of 0.34� 0.02 nm. That is, the averaged inter-
molecular distance between adamantane molecules in ACF is esti-
mated to be 0.67� 0.03 nm in both specimens. This intermolecular
distance is comparable to 0.67 nm for the intermolecular distance
between nearest neighbors of adamantine in bulk a-phase (F.C.C).
Therefore, it is considered that the friction among guest molecules
in ACF is similar to that in the bulk plastic crystal.

Furthermore, we can also discuss the guest-wall interaction using
simple model based on the Lennard–Jones 12-6 potential function
[23]. This consideration also leads to the expected equilibrium
position of adamantane molecules in the slit. Assuming that
adamantane is a rigid globular molecule and that the pseudo-two-
dimensional nanospace of ACF comprises infinite parallel graphite
sheets with slit width R, the potential energy U(y) between a rigid
globular molecule and all carbon atoms on the parallel graphite
sheets can be modelled using the Lennard–Jones 12-6 potential
function as follows [23]:

UðyÞ ¼ ð�2pen=5Þ 5ðR=2a� y=aÞ6 � 2

ðR=2a� y=aÞ10
þ 5ðR=2aþ y=aÞ6 � 2

ðR=2aþ y=aÞ10

 !
: ð4Þ

Molecular Motion of Adamantane in Acf Nanoslits 101

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
5:

03
 0

9 
A

ug
us

t 2
01

2 



Therein, e is the depth of the potential wall, a represents the position of
the zero potential energy, is the sum of the van der Waals radii of the
adamantane molecule and the surface carbon atom. In addition, n is
the number of surface atoms in an area of a2. The variable y is the coor-
dinate along the direction perpendicular to the sheet plane; the origin
of y (y¼ 0) is at the center of the slit, and �R/2 < y < R/2. This function
gives the single minimum potential or double minimum potential,
depending on the ratio of the slit width (R) to the position of the zero
potential energy (a). According to Eq. (4), for R> 2.4a, a double-mini-
mum potential begins to develop with a hump at the centre of the slit
(Fig. 6) [23]. At smaller R, only a single minimum is located at the
centre of potential, i.e., at the center of the slit. For adamantane in
the ACF nanoslit, the R=a value is evaluated as 1.2 using R¼ 1.1 nm
and a¼ (0.76 nmþ 0.17 nm), which is less than 2.4. Therefore, adaman-
tane will be hindered using a single-minimum potential, and the center
of the slit is the stable and equilibrium position for adamantane in
ACF. This situation probably reduces the hindrance of molecular
reorientation of adamantane by slit walls and facilitates the molecular
rotation=reorientation of adamantine, as in the n-alkane solution. Such
a potential in the ACF nanoslit will also enable adamantane to jump
smoothly in the slit. Based on the consideration, we proposed that
adamantane molecules undergo reorientation in the center of slit.

FIGURE 6 Potential energy U(y) of adamantane in ACF nanosite. Those are
calculated using Eq. (4). Solid line (R=a ¼ 3.0) presents a double minimum
potential, whereas dot line (R=2a) presents a single minimum potential.
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On the other hand, 1H NMR spectra suggest that adamantane
undergoes a translational motion, and that at least two kinds of
adamantane molecules exist with different rates of motion in ACF.
These two components imply the existence of two adsorption sites
for adamantane in the ACF nanoslit, as reported in our previous work
[11]. Furthermore, the signal intensity of each component depends on
temperature: as the temperature decreases, the intensity of the broad
peak increases and the intensity of the narrow peak decreases. The
population of adamantane occupying each adsorption site depends
clearly on the temperature, implying a finite energy gap separating
these two sites. When the temperature decreases, adamantane mole-
cules undergoing translational diffusion are trapped in one adsorption
site, which is energetically more stable than others. Assuming the
Boltzmann distribution to the population of each adsorption site, we
can evaluate the energy gap separating these adsorption sites.
Figure 7 shows the temperature dependence of the ratio between the
populations in each site. The slope of the plot in Fig. 7 gives the energy
difference DE between two sites as 10 kJ �mol�1. Although this model
is very rough because the confined structure is actually more compli-
cated, the value is reasonable for distribution of adsorption energy, as
judged from the order of physisorption energy.

An additional remark inferred from results of this work is that ada-
mantane confined in ACF forms a monolayer, as inferred from the pore
width (1.1 nm) and the molecular size (0.76 nm). This situation will

FIGURE 7 Temperature dependence of the population ratio between high
and low energy sites.
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bring about the large degree of freedom in the rotation and=or translation
of adamantane and the condensed phase of adamantane in ACF might
behave as a kind of two-dimensional fluid. Both the single minimum
potential peculiar to hydrophobic nanoslits and moderate interaction
between adamantane and the pore wall engender such a high mobility
of guest adamantane molecules like a plastic crystal phase.

CONCLUSION

This study has particularly examined the molecular dynamics of ada-
mantane being a globular molecule in the nano-slit of ACF. Results
obtained using solid state NMR techniques revealed that adamantane
in ACF readily undergoes isotopic molecular rotation and translation,
suggesting a loose hindrance of adamantane because of the ACF nano-
slit. Furthermore, results showed two kinds of adsorption sites in the
ACF nanoslit. The energy difference between these sites was evalu-
ated from the temperature dependence of the population of adaman-
tane at each site. Based on these results, we can depict a schematic
representation of the molecular motion and the local structure of
adamantane in the ACF nanoslit, as shown in Fig. 8. The single

FIGURE 8 Schematic representation of the rotational and translational
motions of adamantane in the ACF nanoslit.
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minimum potential between the guest and wall engenders an equilib-
rium position for the confined adamantane molecules at the centre of
the nanoslit. This plays a dominant role in achieving high mobility of
adamantane in the ACF nanoslit.
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