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We study the Raman spectroscopy of neutral iodine molecules confined in the channels of zeolite
AlPO4-5 �AFI� and AlPO4-11 �AEL� crystals, which shows that the molecular vibration states are
significantly modified by the confinements from the nanosize channels. An iodine molecule trapped
in the AEL crystal has an effective internuclear potential close to an ideal harmonic oscillator, while
that in the AFI crystal behaves similarly to that in free space. The results are further confirmed by
measuring the temperature dependence of Raman spectral width. © 2011 American Institute of
Physics. �doi:10.1063/1.3549194�

Manipulating and controlling single atoms and mol-
ecules confined within a nanosize space not only is of great
interest to fundamental research in physics and chemistry,
but also may lead to practical applications in nanotechnology
and biotechnology.1–3 In the past decade, the nanopore struc-
ture of zeolite single crystals has become an important host
frame to trap guest atoms and molecules to form many inter-
esting nanostructured systems with extraordinary electro-
optical properties. One such example is 0.4 nm single-wall
carbon nanotubes formed in the channels of AlPO4-5 �AFI�
zeolite crystals, which exhibit a surprising superconductivity
at 15 K because of the enhanced electron-phonon
coupling.4–6 Recently, it was demonstrated that neutral io-
dine molecules can be loaded into zeolite crystals to form
single-molecule wires along the channels.7,8 Furthermore,
one can also precisely control the spatial orientation of neu-
tral iodine molecules in the elliptical channels of AlPO4-11
�AEL� crystals.9 But it remains little known how these atoms
and molecules interact with the zeolite crystal pore struc-
tures.

The electronic structure and energy levels of vibration-
rotation states of iodine molecules in free space �FS� have
been well studied in the past.10–13 Their hyperfine optical
transitions14 have been used to lock a molecular optical clock
with higher precision than most rf atomic clocks.15 However,
limited by the vapor pressure, a free-space-based iodine mo-
lecular optical clock normally requires a long ��1 m� vapor
cell.15 Figure 1�a� shows schematically the vibrational en-
ergy and states of an iodine molecule at its ground level in
FS. The dashed curve and lines stand for an ideal harmonic
oscillator with equally spaced vibrational energy levels. For
a large range of internuclear separations, the interaction be-
tween the two iodine atoms can be well described by a
Morse potential �red solid curve�16 that results in nonuni-
formly spaced vibrational states. When an iodine molecule is
confined in the nanochannel of a zeolite crystal, these mo-
lecular vibrational states will be modified due to the interac-
tion from the channel boundary. Figures 1�b� and 1�c� illus-
trate an iodine molecule trapped inside the one-dimensional
�1D� channel of AFI and AEL crystals, respectively. The

cross section of AFI viewed from the �001� direction is com-
posed of 4-, 6-, and 12-rings. The 12-ring cylindrical chan-
nels with a diameter of about 7.3 Å are used to confine
iodine molecules, as shown in Fig. 1�b�. Removal of a pair of
opposing 4-rings converts the 12-rings to an elliptical ring
with major and minor diameters of 6.7 and 4.1 Å, respec-
tively, as shown in Fig. 1�c�. Obviously, the iodine molecule
in the AFI crystal has more freedom than that in AEL where
the transverse rotation is frozen.

In this letter, we report the use of Raman optical spec-
troscopy to study the interaction between the zeolite crystal
nanochannels and the confined iodine molecules. Particu-
larly, we are interested in the single-molecule internal vibra-
tional states modified by the surrounding crystal channel
wall. From the spectral line shifts and temperature depen-
dence of spectral widths, we find that the iodine molecules
trapped in the AEL crystal channels see an effective internu-
clear potential close to an ideal harmonic oscillator, while
those in AFI behave similarly to that in free space but with a
minor modification in vibration frequency.

We fabricate AFI and AEL single crystals following the
hydrothermal method.9,17 Molecular iodine is loaded into the
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FIG. 1. �Color online� �a� An iodine molecule in FS with a Morse potential.
�b� and �c� are an iodine molecule trapped in AFI and AEL crystals,
respectively.
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AFI and AEL channels by means of physical diffusion. Ini-
tially, the crystals are calcined at 580 °C in O2 atmosphere
for about 24 h to remove the organic templates from the
channels. Then the crystals together with a pure iodine
source �BDH 99%� are sealed in a Pyrex tube at a vacuum of
10−3 mbar. The iodine molecules are diffused into the zeo-
lite channels by physical adsorption. In our experiment, the
iodine loading density is so low that the molecular interac-
tions are negligible.

In this work, we focus on the iodine molecules frozen in
the transverse direction of the nanochannels. The polarized
Raman spectra are measured in a backscattering configura-
tion using a Jobin-Yvon T64000 micro-Raman spectrometer
equipped with a liquid N2 cooled charge-coupled device de-
tector. The linearly polarized excitation laser beam, from an
Ar ion laser output at 514.5 nm, has a linewidth of about 6
GHz and a power of 40 mW. The iodine-loaded AFI and
AEL crystals are placed in a Linkam Cryostat XY-stage,
which can stabilize the sample temperature from −150 °C to
room temperature.

We first compare the Raman spectrum of iodine mol-
ecules in FS and in AFI and AEL crystals at room tempera-
ture �T=30 °C�. In FS, molecular vapor is isotropic and the
Raman scattering is polarization independent. For the AFI
and AEL cases, the excitation laser beam propagates in the
direction perpendicular to the c-axis of the crystal. Espe-
cially, in the AEL case, the laser light is polarized along the
major axis of the elliptical ring. The experimental spectra are
shown in Fig. 2�a�. In FS, we detect a few tens of lines that
correspond to different vibrational quantum numbers �, as
illustrated in Fig. 1�a�. In the AFI and AEL crystals, we re-
solve nine and four lines, limited by our detector sensitivity
and the system noise level. To show the difference in the
energy levels caused by the channel confinement, we plot the
energy spacing between E� and E�−1 extracted from the Ra-
man spectrum data as a function of the vibrational quantum
number � in Fig. 2�b�. As expected, in FS, E�−E�−1 linearly
decreases as � increases and follows the theoretical �solid
black� curve obtained from the Morse potential. For the io-
dine molecules in the AFI crystal, they follow the similar
trend as in FS but with smaller energy spacing. For those in
the AEL crystal, the energy spacing is nearly uniform, close
to a tighter harmonic oscillator �dashed line� than that in FS.

Each Raman spectral line in Fig. 2�a� contains many
degenerate lines with equal ��. For example, the first line
corresponds to ��=1. At a temperature T, the molecules oc-
cupy more than one vibrational state with probabilities deter-
mined by the Boltzmann distribution

�� = Q−1e−E�/kT, �1�

where Q is the normalization factor and k is the Boltzmann
constant. To an ideal 1D harmonic oscillator, the vibrational
energies are equally spaced and all Raman transition lines of
��=1 are degenerate. On the other hand, if the vibrational
energies are determined by a Morse-like potential with non-
uniform spacing, different Raman transition lines of ��=1
will not overlap completely. Thus the mth Raman spectral
profile �intensity� can be described as

Im��� = �
�

��W�A�→�+m��� , �2�

where � is the angular frequency of Raman photon,
A�→�+m��� is the normalized line shape function of a transi-
tion �→�+m, and W� is the weight determined by the in-
trinsic transition strength. The spectral width of the line
shape function A�→�+m��� is dominated by the laser line-
width that overwhelms the Doppler broadening effect
��1 GHz�. Therefore, we expect that there is no tempera-
ture broadening for iodine molecules with an ideal 1D
harmonic-oscillator potential. For molecules with a Morse-
like potential, however, there will be a significant tempera-
ture effect on the spectral width.

Figure 3 shows line shapes of ��=1 for iodine mol-
ecules in the AFI and AEL crystals at two different tempera-
tures. As we increase the temperature from �150 to 30 °C,
the linewidth of the iodine molecules in the AFI crystal is
broadened, while in the AEL crystal we see no detectable
change. To calculate the theoretical curves for different tem-
peratures, we obtain the weight W� and single-transition line
shape function A��� by best fitting to the measured line
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FIG. 2. �Color online� �a� Raman spectra of iodine molecules in FS, AFI,
and AEL at T=30 °C. �b� Vibrational energy spacing of iodine molecules vs
vibration quantum number �.
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FIG. 3. �Color online� Raman line shape ���=1� of iodine molecules in �a�
AFI and �b� AEL at different temperatures. The circular and square points
are experimental data, and the dashed and solid lines are theoretical curves.
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shapes at −150 °C with experimentally determined energy
spacing values �dashed curve in Figs. 3�a� and 3�b��. Then
we calculate the line shape at any temperature following Eqs.
�1� and �2� without any free parameters. The solid theoretical
curve for the AFI case at T=30 °C agrees very well with the
experimental data. For the AEL case, both dashed and solid
curves overlap together and also perfectly match the experi-
ment. Figure 4 shows the full width at half maximum
�FWHM� of the line shape as a function of temperature. It is
clear that the linewidth of the iodine molecules in the AEL
crystal is independent of temperature and agrees well with
the ideal 1D harmonic-oscillator model.

In summary, we have studied the Raman spectroscopy of
iodine molecules confined in the AFI and AEL nanochannels
at different temperatures. The results indicate that the mo-
lecular ground vibrational states in the AEL crystal are close
to the ideal 1D harmonic oscillator, while in the AFI crystal
they are close to that in free space. Our work shows that the
optical spectroscopy is an efficient way to study molecular

interaction at nanoscale. Besides the weak interaction from
the host crystal, these iodine molecules are isolated from
each other and can have much high density than those in free
space at room temperature. A zeolite single crystal �with a
dimension of about 100 �m� filled by iodine molecules may
be used for molecular optical clock15 with a dramatic reduc-
tion in the device size. It may also find application in
molecule-based quantum information processing.18
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FIG. 4. �Color online� Raman spectral width as a function of temperature
for iodine molecules in AFI and AEL crystals. The solid and dashed lines are
theoretical curves.
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