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Abstract: This work investigated the nanoconfinement effect on the molecular dynamics and phase transition
of confined benzene inside titanate nanotubes with a uniform inner diameter of ∼5.3 nm. For 13C-enriched
organics, the 13C nuclear spin-spin relaxation was demonstrated as a sensitive tool to differentiate molecular
translational motion and reorientation and, thus, was shown to be advantageous over the commonly
employed 1H and 2H NMR for studying complex phase diagram, specifically, for separating the phase
behavior of translational motion and the phase behavior of molecular reorientation. In such an approach,
the melting of translational motion of confined benzene was explicitly observed to take place in a broad
temperature range below the bulk melting temperature. The abrupt change of the 13C nuclear spin-spin
relaxation time of the confined liquid benzene at about 260 K suggested that nanoconfinement induced
two topologically distinct liquid phases.

Introduction

Confined liquids are ubiquitous in nature. The enormous
interest in this intriguing state stems from the fact that
nanoconfinement can markedly change molecular structure,1

molecular dynamics,1,2 and phase behavior.2 Given the simple
and uniform hollow cylindrical geometry, a nanotube provides
an epitome host for studying liquid confinement. Nanotubes can
be used to mimic biological nanotubular structures, and a
comprehensive understanding of nanotube-confined liquids will
lay a necessary foundation toward developing nanotube-based
nanofluidic devices and nanochemistry. Over the past several
years, a surging number of theoretical studies have been reported
on this subject. For instance, a spectrum of novel dynamic and
phase properties has been predicted for confined water in
nanotubes.3-7 On the other hand, experimental studies were
scanty. The employed techniques included TEM,8 SEM,9

neutron scattering,10 optical microscopy,11 and nuclear magnetic

resonance (NMR).12 NMR is routinely used to noninvasively
study molecular dynamics and phase transition under demanding
physical conditions, such as a wide temperature range. It has
also been used for characterizing nanotubes.13,14 This work
employed NMR to investigate the nanoconfinement effect on
the molecular dynamics and phase transition of benzene confined
inside titanate nanotubes.

In the liquid state, benzene molecules undergo rapid molecular
translational motion and rapid molecular reorientation. Molec-
ular reorientation of benzene includes two different modes: the
isotropic reorientation of the 6-fold axis of the aromatic ring
and the in-plane rotation around the 6-fold axis. Since the energy
barrier for the former is larger than that of the latter, one ex-
pects that normally isotropic reorientation should freeze when
in-plane rotation freezes. The reverse may not be true. Bulk
benzene crystallizes at 278.49 K into an orthorhombic-like
structure with the lattice constants as15,16a ) 7.46 Å,b ) 9.67
Å, c ) 7.03 Å, but de facto belonging to the crystallographic
space group ofPbca. Crystallization freezes both translational
motion and isotropic reorientation. However, the discrete
rotational hopping around the fixed 6-fold axes remains active
down to below 100 K.17,18For confined benzene in clathrate,18
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polymer matrix,19 mesoporous silica glasses, such as SBA-1520,21

and MCM-41,21 and controlled pore glasses,21,22 isotropic
reorientation was observed to be active when translational
motion was already frozen.20,21 The freezing of translational
motion and isotropic reorientation took place typically in a broad
temperature range and below the bulk freezing temperature.20,21

As a result, a complex dynamic phase diagram emerges from
such systems rendering the Gibbs-Thomson equation inad-
equate, although it is commonly used to describe the depression
of the melting temperature of confined liquids. In those studies,
both isotropic reorientation and in-plane rotation of benzene
molecules were quantified using the elaborate2H quadrupolar-
echo-line-shape analysis,18-20 exploiting the property that the
quadrupolar interaction of the2H spins is primarily determined
by the relative orientation of the chemical bonds of benzene
with respect to the applied external magnetic field. On the other
hand, this method is insensitive to translational motion, an
intermolecular motion. The thermal evolution of translational
motion was monitored macroscopically by differential scanning
calorimetry20,21 and microscopically by1H NMR.21,22

This article explores the13C NMR, particularly the13C
spin-spin relaxation, as a sensitive probe to separate molecular
translational motion and reorientation for organic liquids and
solids. In the current study, benzene was fully enriched with
the13C isotope, hence, denoted as13C6H6. Thus, the character-
istic 13C spin-spin relaxation time (T2) is dominated by the
homonuclear dipolar coupling (HDC) between the13C nuclear
spins.23,24 The second moment of HDC is often used to quan-
tify T2.23,24 Since the dipolar coupling between two nuclear
spins is inversely proportionate to the third power of the
internuclear distance, the short C-C distance (≈1.40 Å)16

between the nearest neighbors of carbon nuclei within the
aromatic ring derives a strong intramolecular13C HDC. For fully
frozen polycrystalline13C6H6, the calculated second moment is
<∆ν2>intra ≈ 7.2 × 106 Hz2. With respect to the large
<∆ν2>intra, the 13C T2 should become short when molecular
reorientation of all modes is fully frozen. Even in a situation
where in-plane rotation is fast but isotropic reorientation is
frozen, the intramolecular HDC is only partially averaged out
by the former.17,24 For a powder sample, the effective second
moment is reduced17,24to <∆ν2>intra/4, thus doubly lengthening
the 13C T2. Conversely, because the C-C distances between
carbon nuclei residing in different benzene molecules are several
times larger, the intermolecular13C HDC is small. For a powder
sample with the lattice structure similar to that of the ortho-
rhombic-like bulk crystalline structure, the calculated second
moment of the intermolecular HDC is only about<∆ν2>inter

≈ 1.5× 105 Hz2. Now, considering a benzene phase with frozen
translational motion but fast isotropic reorientation, the inter-

molecular HDC alone is effective, whereby isotropic reorienta-
tion averages out the intramolecular HDC. In such a phase, the
13C T2 is lengthened further by several times. Of course, one
manifestation of the translationally mobile liquid is a typically
very long T2, as a result of the fast molecular translational
motion which averages out even the intermolecular HDC.
Therefore, the13C spin-spin relaxation measurement can
identify various molecular dynamic states of benzene: (i) liquid;
(ii) molecular translational motion is frozen, but molecular
reorientation is active; (iii) molecular isotropic reorientation is
frozen, while molecular in-plane rotation is active; and (iv)
molecular in-plane rotation is also frozen. Note that both (i)
and (ii) were taken as liquids in those studies employing the
2H quadrupolar-echo-line-shape analysis.20 The focus of this
report was to use the13C NMR to explicitly resolve the states
(i) and (ii) for the confined13C6H6 in titanate nanotubes. It is
hoped that the13C nuclear spin-spin relaxation will be
developed as a generalized tool to separate the molecular
dynamic states for organics encountering complex phase
diagrams. Inspecting the molecular structures, the intramolecular
C-C distance is generally shorter than the intermolecular C-C
distance. Therefore, in using13C-enriched samples, the13C
spin-spin relaxation provides a sensitive tool to differentiate
molecular translational motion and reorientational motion. By
contrast, hydrogen atoms are not directly bonded with each other
within the molecule and usually reside at the edge of the
molecule. The distinction is thus much less between the
intramolecular H-H distance and the intermolecular H-H
distance. As such, the1H or 2H spin-spin relaxation is less
sensitive for differentiating translational motion (intermolecular)
and molecular reorientation (intramolecular), as evidently shown
in the previous studies.21,22

Materials and Methods

The titanate nanotubes were produced by the method of hydrothermal
synthesis as described in the references.25-27 Specifically, the TiO2

anatase microcrystals (from Aldrich with the average particle size of
32 nm and the specific surface area of 45 m2/g) were dissolved in 10
M NaOH solution and heated in a Teflon-lined autoclave at 130°C
for over 72 h. The resulting white precipitate, upon sonication, filtration,
and repeated wash with distilled water, transformed into nanotubes.
The signature Raman and X-ray spectra were used to confirm that the
sample contains exclusively titanate nanotubes. The tube dimension
and geometry were determined using transmission electron microscopy
(TEM). Unlike single-walled carbon nanotubes, the titanate nanotubes
are uncapped with a hollow semi-cylindrical center surrounding by a
tube wall which resembles a scroll. The cross-sectional dimensions of
titanate nanotubes are nearly uniform with inner and outer diameter,
respectively, at about 5.3 and 12 nm. The interlayer distance of the
wall is ∼0.7 nm. The tube length ranges from 0.3 to 1µm. Thus, the
aspect ratio between the tube length and the inner diameter is large.

A 5 mm diameter Wilmad NMR tube was loaded with 49 mg of
titanate nanotubes and then filled with 114.1 mg of liquid benzene of
13C6H6 (99% 13C-enriched by Cambridge Isotope). The sample was
sealed and then sonicated for 1 h. Before the NMR measurements, the
mixture was set for 2 days. A layer of bulk phase of benzene was
formed on the top and a paste-like mixture at the bottom. The13C NMR
measurements were conducted at 125.79 MHz using a 500 MHz Varian
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Unityplus console and an 11.8 T OXFORD superconducting magnet.
The calibrated 90° pulse for 13C nuclear spins was 5.8-6.0 µs and
was determined at each temperature using the spin-echo pulse sequence
“90° - τ - 180° - τ - acquisition”. Using a Varian double resonance
probe, the13C NMR signal was acquired under proton decoupling.
Considering that the13C nuclear spin-lattice relaxation curve follows
a stretched-exponential function form, the proper delay time between
scans was chosen to ensure that at least 99% of the signal was recovered.
Specifically, the delay time was 1.5 s at 173.2 K and was increased to
20 s at 276.2 K. The13C NMR measurements were conducted between
298.2 and 173.2 K. The sample was initially cooled slowly to 173.2
K, at a cooling rate of about 5 K/1.5 min. The NMR measurement at
173.2 K was conducted 30 min after stabilizing the temperature. The
sample was then slowly warmed to the desired temperatures. At each
temperature, the NMR measurement was conducted 5-10 min after
stabilizing the temperature. The temperature fluctuation was less than
0.3 K.

Results and Discussion

Figure 2 displays the13C spectra measured at 276.2, 213.2,
and 173.2 K by spin-echo with 2τ ) 40 µs. Within the
experimental error, the total intensity of the13C spectra is

inversely proportionate to temperature, as expected by the Curie
law. The broad line, with identical features at all of these
temperatures, corresponds to the solid bulk benzene. The
calculated nuclear spin dipolar coupling is too small to account
for the large spectral width of the broad line. For the solid bulk
benzene, the13C NMR line is substantially broadened by the
partially restored anisotropic chemical shift distribution28 of
benzene upon freezing isotropic reorientation and, to a lesser
degree, upon freezing translational motion. It is remarkable that
slowly cooling bulk benzene often produces several chunks of
partially oriented benzene crystals.18 The resulted humped shape
of the broad line can thus also serve as a signature for the bulk
solid benzene. The measured13C spin-spin relaxation time of
the solid bulk benzene wasT2,bulk ≈ 88 µs. The decrease of
T2,bulk was measured to be less than 2% from 276.2 to 173.2 K.
As discussed earlier, in this temperature range,T2,bulk should
be dominated by the intramolecular13C HDC, which is partially
reduced by the fast in-plane rotation around the 6-fold axis.17,24

The tiny temperature dependence is likely originated from the
small contraction of the bulk solid benzene upon cooling.15

In Figure 2, a narrow feature at about 33 ppm (here, CDCl3

was used as reference) appears noticeably at 213.2 K and rather
prominently at 276.2 K. Such a narrow feature has not been
previously reported for the solid bulk benzene.28 To identify
the narrow feature, Figure 3a-b displays the13C spectra
acquired by spin-echo with differentτ values. At 173.2 K
(Figure 3a), for 2τ g 700 µs, the broad line of the bulk solid
benzene becomes invisible because of the rapid decay with short
T2,bulk, whereas a much narrower and markedly different peak
emerges at about 33 ppm. Thus, the narrow feature exists also
at 173.2 K, and that, for shortτ, is merely eclipsed by the
dominating broad line of the bulk solid benzene. For the
convenience of the following discussion, the observed narrow
peak at 173.2 K is denoted as feature A. The measured spin-
spin relaxation time of feature A at 173.2 K isT2,A(173.2 K)≈
258 µs, about three times longer thanT2,bulk. Thus, for the
benzene phase associated with feature A, the intramolecular13C
HDC is significantly smaller than that of the bulk solid benzene.
It requires this benzene phase to retain active isotropic reorienta-
tion at 173.2 K, opposed to the bulk solid benzene. This is
further confirmed by the much smaller line width of the
corresponding peak. As discussed earlier, when isotropic
reorientation is frozen, the spectrum should be markedly
broadened by the partially restored anisotropic chemical shift
distribution. Figure 3c displays the13C spectra at 276.2 K with
different τ values. Again, the broad peak of the bulk solid
benzene vanishes at longτ, leaving behind a narrow peak. The
narrow peak at 276.2 K, much narrower than feature A, is
denoted as feature B. For feature B, the measured second
moment calculated safely within 10 kHz from the peak position,
which must contain the broadening by field inhomogeneity, etc.,
is only about 1/4 of the calculated<∆ν2>inter. Therefore, in
addition to rapid isotropic reorientation, this phase must also
retain active translational motion to suppress at least partially
the intermolecular13C HDC. Moreover, the measured13C spin-
spin relaxation time of feature B isT2,B(276.2 K) ≈ 5.7 ms.
The manifestly longT2,B and the narrow line width unquestion-
ably identify feature B as a liquidlike benzene phase, retaining
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Figure 1. The TEM micrograph of titanate nanotubes showing a hollow
semi-cylindrical center surrounded by the scroll-like tube wall. The two
arrows point to the walls of the nanotube on the left (scale bar: 20 nm).

Figure 2. The13C spectra (CDCl3 as the reference for the chemical shift)
measured at 276.2, 213.2, and 173.2 K by the spin-echo sequence with 2τ
) 40 µs. For clarity of display, the spectra are shifted vertically from each
other.
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both fast isotropic reorientation and translational motion. Figure
3b displays the13C spectra acquired at 213.2 K. The narrow
feature at 2τ ) 700 µs comprises two overlapping peaks. The
broader peak decays faster asτ increases with the corresponding
T2 ≈ 336 µs. Thus, it resembles feature A. With a markedly
longer T2 ≈ 4.1 ms, the narrower peak resembles feature B.
The salient feature of Figure 3 is examined further in Figure 4.

Figure 4 displays the13C nuclear spin-spin relaxation curves
between 276.2-173.2 K, depicting the measured nuclear spin
magnetization ofM(2τ) by spin-echo as a function of 2τ. To
account for the Curie law, the displayedM(2τ) is normalized
at 173.2 K by multiplying the measured spectral intensity by
the 173.2/T factor (T as the observation temperature). Since the
broad line of the bulk solid benzene becomes negligible for 2τ
g 700 µs (Figure 3), the analysis of theM(2τ) curve is
performed for 2τ g 700 µs, such thatM(2τ) contains only
feature A and feature B. As shown, at 173.2 and 183.2 K,M(2τ)

can be described by a fast-decaying component ofT2,A. At 276.2
K, M(2τ) is described by a slow-decaying component ofT2,B.
Their prefactors, by extrapolatingM(2τ) to 2τ ) 0, are, however,
about the same. It indicates that feature A and feature B originate
from the same part of the benzene sample. Upon heating from
173.2 to 276.2 K, this part of the sample evolves from a
translationally immobile phase (feature A) to a liquid phase
(feature B), although both retain isotropic reorientation. This
part of the benzene sample, differing from the bulk solid
benzene, is ascribed to the confined benzene inside the titanate
nanotubes. For the intermediate temperature range in Figure 4,
theM(2τ) curves comprise a slow-decaying component resem-
bling feature B and a fast-decaying component resembling
feature A. Thereby, the spectral shape analysis (Figure 3) and
the spin-spin relaxation analysis (Figure 4) both infer that in
the intermediate temperature range, two benzene phases coexist
in the confined benzene; one retains active isotropic reorientation
but is frozen in translational motion; the other is a liquid un-
dergoing fast molecular translational motion and reorientation.
Therefore, advantageous over the2H quadrupolar-echo-line-
shape analysis in this respect, the current13C spin-spin relax-
ation analysis indeed clearly resolved these two phases.

To quantitatively examine the phase transition upon heating,
theT2,A(T) of feature A and theT2,B(T) of feature B are displayed
in Figure 5a, obtained by fitting the13C spin-spin relaxation
curves as shown in Figure 4. The respective prefactorsMA(T)
and MB(T) are displayed in Figure 5b. As shown, the sum,
MA(T) + MB(T), is approximately constant in the entire
temperature range of the current study. The2H quadrupolar-
echo-line-shape analysis often observes18,29 a decrease of the
intensity induced by the exchange broadening when reorientation
reaches the intermediate frequency. However, in the temperature
range of the current study, translational motion, fast or slow,
does not induce significant change of the chemical shift; indeed,
for the current study, the active molecular reorientation averages
out the chemical shield tensor. TheMB(T) curve shows that a

(29) Speiss, H. W.; Sillescu, H.J. Magn. Reson.1981, 42, 381-389.

Figure 3. The 13C spectra (CDCl3 as the reference) measured by spin-echo: (a) at 173.2 K with 2τ ) 40, 700, 900, and 1300µs; (b) at 213.2 K with 2τ
) 40, 700, 1300, and 4000µs; (c) at 276.2 K with 2τ ) 40, 700, 5000, and 20 000µs. For clarity of display, the spectra are shifted vertically from each
other and some are magnified in amplitude by a factor indicated by the “×” sign.

Figure 4. The13C nuclear spin-spin relaxation curves of confined benzene.
The displayed nuclear spin magnetizationM(2τ) is normalized by multiply-
ing by the 173.2 K/T factor. The curve fittings are performed for the decay
time of 2τ g 700 µs.
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small portion of the confined benzene becomes translationally
mobile even at 193.2 K, well below the bulk melting temperature
(278.2 K). However, the percentage of the liquid phase over
the total confined benzene increases only gradually asT
increases; the liquid phase reaches 1/3 at about 260 K. Melting
takes place primarily above 260 K. Notably,T2,B(T) decreases
rapidly from 276 to 260 K, but remains approximately constant
below 260 K. In the entire temperature range,T2,B(T) is more
than 10 times longer thanT2,A(T). The monotonic decrease of
T2,A(T) as T decreases should reflect the gradual decrease of
isotropic reorientation. However, at high temperatures, it maybe
contribute, in part, to gradual freezing of any residual transla-
tional motion or in-cage collision if assuming a loose local
structure under confinement. Then, it becomes complicated for
quantitative extraction of the decrease of isotropic reorientation
from the presentT2,A(T) curve. In the future, theT2,A(T) curve
will be acquired in the lower temperature range to examine the
freezing of isotropic reorientation.

Regarding confined liquids inside small pores, it has been
speculated2,20,21 that one to two surface layers of the confined
liquid melt at temperatures lower than that of the central layers
away from the pore walls. Although complex mechanisms were
proposed20,21to account for the bigger depression of the melting
temperature of the surface layers, the putative mechanisms are
yet to be corroborated. Nevertheless, the current results displayed
in Figure 5 are in accord with such a scenario. Assuming the
local structure of confined benzene is similar to the innate
structure of bulk benzene, the distance between the nearest
benzene molecules is about 5 Å. Given the 5.3 nm inner
diameter of titanate nanotubes, a nanotube can accommodate
roughly a little more than five layers of benzene molecules.

For such a structure, the surface layer, directly interacting with
the tube wall and under the topological constrain, constitutes
approximately 1/2-1/3 of the total confined benzene. Assuming
that melting of the surface layer is further depressed compared
to the center layers, Figure 5 indeed shows that about 1/3 of
the confined benzene melts at lower temperature, below 260
K. In view of this, they are assigned to the surface layer. Thus,
the surface layer melts below 260 K in a broad temperature
range, while the melting of the center layers takes place above
260 K. It is likely that the center layers retain a more
homogeneous environment and retain a structure closer to that
of the innate bulk benzene phase. This may explain that melting
of the center layers takes place in a narrower temperature range.
The noticeable kink of theT2,B(T) curve at 260 K (Figure 5a)
may correlate with the change from the surface-layered liquid
phase to the multilayered liquid phase. When the surface layer
alone is melted, molecular translational motion should be
topologically restricted to a loose 2D cylindrical layer. Since
such quasi-2D translational motion is less effective to average
out the intramolecular13C HDC than the 3D translational motion
in bulk liquids,T2,B should be shorter below 260 K, as shown
in Figure 5a. Further, two features are of interest: the long tail
of the melting temperature of the surface layer, and within this
broad temperature range,T2,B remains long and approximately
constant. These features evoke a heterogeneous mechanism of
the melting of the surface layer. Heterogeneity can arise from
the nonuniformity among nanopores or the nonuniformity within
each pore, or it simply reveals the much-sought intrinsic nature
of glassy systems. The first origin for heterogeneity may be
ruled out in this study given the generally excellent uniformity
among nanotubes such as titanate nanotubes. Nevertheless, a
definitive conclusion on this important issue invites future
studies.

Conclusions

In summary,13C NMR was employed to study the molecular
dynamics and phase transition of confined benzene inside
titanate nanotubes. The13C nuclear spin-spin relaxation was
demonstrated as a sensitive tool to differentiate molecular
translational and reorientational dynamics for13C-enriched
organics. The melting of the translational motion of the confined
benzene was explicitly observed to take place in a broad
temperature range below the bulk melting point. An abrupt
change was observed at about 260 K for the13C spin-spin
relaxation behavior of the confined benzene liquid. It suggested
the thermal evolution through two topologically distinct liquid
phases: (i) at low temperature, only the surface layer of the
confined benzene, in direct contact with the tube wall, remains
translationally mobile; (ii) at high temperature, the confined
benzene inside a nanotube is entirely translationally mobile.

Acknowledgment. This work was supported by NSF under
Contract DMR-0139452, and by ARO under Contract DAAD19-
03-1-0326. This work was supported in part by a grant from
the University of Nevada, Reno, Junior Faculty Research Grant
Fund. This support does not necessarily imply endorsement by
the university of research conclusions.

JA051628I

Figure 5. (a)T2,B(T)/10 as a function of temperature for the confined liquid
benzene corresponding to feature B, andT2,A(T) for the confined solid
benzene corresponding to feature A. (b) The respective prefactors,MA(T)
andMB(T) of features A and B versus the temperature.
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