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ABSTRACT: We demonstrate a technique of reversible controlling
the orientation of iodine molecules embedded in elliptical nano-
channels of an AIPO,-11 (AEL) crystal. We find that the interactions
between iodine and water molecules can significantly affect the iodine
molecular orientation inside the nanochannels. In well-hydrated AEL
crystals, all the iodine molecules are standing along major axes of the
elliptical cross sections of the channels. As decreasing the density of
water molecules in the channels, the iodine molecules rotate to lie
along the channels. The experimental results obtained from polarized
Raman spectroscopy agree well with the results of molecular dynamics
simulations. As a result, we can tune the pressure and temperature,
which effectively modifies the water molecule density inside the
channels, to set the spatial orientation of the iodine molecules over
entire crystal. At last, we demonstrate a reversible local operation using

a focused laser spot. This technique may be used for engineering molecular orientation in nanostructured devices.

B INTRODUCTION

Actively controlling and manipulating the position and
orientation of atoms and molecules at nanometer scale is the
key for fabricating nanoscale electro-optical devices. Tradition-
ally, atomic and molecular manipulation are obtained using
lithographically patterned electromagnetic structures on sub-
strates, such as atom chips,l_3 single molecule sites, > and
molecular arrays.®"® Using scanning probe microscopy is
another alternative way to manipulate single atoms and
molecules on solid surfaces with a high spatial resolution.””"!
Recently, with the discovery of many novel nanoporous
crystals, intercalating guest atoms and molecules into the
matrix of framework materials having pores of molecular
dimensions has become a new method to get many interesting
nanostructures with extraordinary physical-chemical proper-
ties,"*™'* such as the smallest single-wall carbon nanotubes
(SWNTs),">'¢ nanoclusters,"”'® and unidirectional water
chains.'”~>* These microporous and nanoporous materials
have also been widely used for gas storage>** and
separation,”>® as well as selective catalytic reactions.

Among these nanoporous materials, zeolite single crystals
and carbon nanotubes are two widely used materials to adsorb
and guide the size matched specimens. For example, isolated
helical Se chains were fabricated inside the matrix of AIPO,-S
single crystals by Li et al.** Guan et al.*® succeed to realize La
atomic chains inside the carbon nanotubes which is the first
dimer chains of rare earth metals. Mann et al.*' found that one-
dimensional protonated water wires in carbon nanotubes have
higher affinity than neutral water molecules, which may have
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applications for charge storage devices. Min et al.>* obtained
uniform directed hemicyanine dyes within channels of silicalite-
1 films. Most recently, loading iodine molecules into nano-
channels has attracted much research interest due to its possible
application in miniature molecular optical clock.**** Guan et
al.*® found that in the confined state the structures of the iodine
are SWNTSs’ diameter dependent, and atomic chains of iodine
can only be obtained in critical-sized carbon nanotubes. Fan et
al.*® observed iodine chains with different periodicities inside
SWNTs. In addition, depending on the loading of iodine
molecules, vaporlike iodine molecules or iodine molecular
chains can be formed along the nanochannels of zeolite single
crystals.>”*® It was found that most of these adsorption and
reconstruction processes are reversible under certain conditions
due to the noncovalent interactions between the adsorbates and
the porous materials.

Although zeolites crystals are always hydrophilic, much
attention has only been paid to the relationship between the
adsorbates and the porous of the materials*** or the properties
of the water molecules at different degrees of hydration.*'~*
Little work has been paid to study the effect of the water
molecules on the structures and properties of the adsorbates in
the nanopores,*™*

In this work, the influence of water molecules on the
orientation of ijodine molecules inside the elliptical nano-
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channels of AEL crystals is systematically studied by means of
polarized Raman scattering and molecular dynamics (MD)
simulations.*” The framework of AEL crystal is composed of
three types of channels with four, six, and ten rings formed in
parallel. Because of the size limitation, the iodine molecules can
only be adsorbed in the ten-ring channels with elliptical cross
sections. The size of the elliptical channels alternates between
wide parts and narrow parts with a period of ¢/2 throughout
the channels direction, where ¢ = 8.386 A is the lattice constant
along the channel axis. At the narrow part, the diameters of the
major and minor axes of the elliptical channels are only 6.7 and
4.3 A, respectively, which is comparable to the size of the iodine
molecules (see Figure 1). Although it has already been
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Figure 1. (a) Schematic view of the hydrated AEL channels with low
loading iodine molecules. The potential energy described by the quasi-
sinusoidal lines at the end of the major axes of the ellipses shows that
the channel changes between wide part and narrow part with a period
of 1/2 ¢, where ¢ = 8.386 A is the lattice constant in the channel axis of
the AEL crystal. (b) The low loaded L @AEL projected in the (110)
plane with periodic conditions.

investigated that the iodine molecules in the elliptical channels
of the AEL crystals are restricted in the (101) planes with only
two favorite orientations: oriented along the channels direction
(lying) and along the major axes of the elliptical cross sections
of the channels (standing).>”**** We find that the orientation
of the low loading iodine molecules in the AEL crystals (I,@
AEL) can be controlled by different degree of hydration. At
saturated hydration, all iodine molecules are oriented along the
major axes of the ellipses. When the water molecules are driven
out of the channels, the iodine molecules rotate to lie along the
channel direction. Moreover, this standing and lying transition
is reversible and repeatable due to the physical adsorption of
water molecules. MD simulations reproduced the orientation
control of the iodine molecules as the experimental
observations by different loadings of water molecules. It is
the topological match between the AEL channels and the
iodine molecules as well as the hydrophilic properties of the
AEL crystals that make the single molecular orientation
controlled. Three common methods such as environmental
pressure, temperature, and laser power have been successfully
employed to control the orientation of the iodine molecules in
AEL crystals globally and locally, respectively.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Preparation of Hydrated |,@AEL. The as-synthesized
AEL crystals, with a typical dimension of 80 X 40 X 20 um?>, are
first calcined at 680 °C in O, atmosphere for 20 h to remove
the organic templates of dipropylamine molecules inside the
channels and then naturally cooled to room temperature.
Before introducing the iodine molecules, the calcined crystals
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are heated to 100 °C in vacuum condition for 2 h to remove
the water molecules. Then the dehydrated empty crystals are
sealed together with a small portion of pure iodine source
(BDH 99%) in a glass tube at a vacuum of 107> mbar. With
rising temperature, the iodine molecules gradually enter into
the channels by physical diffusion. After cooling down to room
temperature, the samples are exposed in the air for a few days
to remove the excess iodine on the surface of AEL crystals by
sublimation. During this process, the water molecules in the air
would be naturally absorbed to the AEL channels which are not
fully occupied by iodine molecules. In our experiment, the
iodine loading is quite low and there are a large amount of
water molecules in the channels after hydration equilibrated.

Raman Characterization. The polarized Raman scattering
of low loaded L, @AEL is measured on a micro-Raman system
(Jobin Yvon T64000) in backscattering configuration using the
514.5 nm line of Ar-ion laser. The polarizations of the
excitation laser and the detection of Raman scattering are in
parallel. Linear polarizers are put in the excitation and
collection path to strictly control the polarization of the light.
During the measurement, the specific polarization on the
sample is achieved by rotating the AEL crystals.

MD Simulation Details. The AEL single crystals we used
have a space group of Ima2 with the lattice constants a
13.519 A, b = 18.652 A, and ¢ = 8.386 A.** The simulation box
is set to 2 X 1 X S unit cells, which consists of four parallel
channels with periodical boundary conditions in all three
directions. The schematic view of the hydrated AEL channels
with low loading iodine molecules and that projected in the
(110) plane are shown in Figure 1. A different loading of water
molecules are introduced into the channels which contains only
one iodine molecule to mimic the low loading of iodine at
different degree of hydration. The loading range of water
molecules is from 0 to 30 in each channel of the simulation box.

In the simulations, the Buchart—Universal** force field is
adopted to describe the nonbinding interactions with the
charge distribution from ref 51. We describe the AEL
framework with Buchart force field and the iodine molecules
with Universal force field. The parameters for the AEL—iodine
interactions are derived from both force fields with Lorentz—
Berthelot combination rules. The van der Waals interactions are
modeled in terms of 12—6 Lennard-Jones potentials with a
cutoff at 9.2 A:
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where &; is the well depth, o;; is the collision diameter, and r;; is
the distance between the two interacting atoms i and j. The

electrostatic interactions are modeled as the Coulomb
interactions:
qiqj
UCoulomb(rij) =
41'5801’ij (2)

where g; and g; are the electrostatic charge and r; is the distance
between the two interacting atoms i and j. The long-range
Coulomb interactions are calculated by Ewald summation
method® with a precision of 107 The interactions between
the water molecules are treated using the SPC/E model.>® The
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shake bonds are used for water molecules and the bond stretch
of iodine molecules are treated using Morse potential:54

U(r) = Do[1 — e 3)

where D, is the depth of the energy from the bottom of the well
to bond dissociation, r, is the bond length in a given bound
state, and o controls the width of the well. The parameters of
the nonbond and bond interactions are given in Table 1 and
Table 2, respectively.

Table 1. Parameters for Nonbonding Interactions

molecule atom ¢ (kcal/mol) o (A) q (e) m

AlPO,11 Al 0.0292 3.777 +1.2300 26.9815
P 0.0629 3.385 +0.3000 30.9737
O 0.1648 2.940 —0.3825 15.9994

H,O (@) 0.1553 3.166 —0.8476 15.9994
H 0.0000 0.00 +0.4238 1.0080

iodine I 0.3390 4.009 0.0000 126.9045

combination rule: &; = (&; X £;)"/* and o = (0, + 6;)/2
Table 2. Parameters for Bonding Interactions
molecule bond bond type 1. (A) D, (eV) a (AT
iodine I-1I Morse 2.66 1.544 1.867
water(SPC/E) H-0 shake 1.00

All the simulations are carried out in the canonical ensemble
(NVT) using LAMMPS®> package. The velocity—Verlet
algorithm with a time step of 0.5 fs is used to integrate the
equation of motion. During the simulations, the AEL
framework is considered to be fixed and defects free. To
ensure the random configurations of the adsorbates, 20 ps
annealing is performed from 450 to 300 K in the first stage.
Then 4 ns equilibrium runs are performed, followed by 6 ns
productive runs for analyzing the statistical properties.

It was reported that the symmetry of the calcined AEL crystal
changes from Ima2 to Pna2 after water adsorption, resultin§ in
a diminished unit-cell volume and more elliptical pores.*® >
Before systematic simulation, the deformation effect of the AEL
crystal on the configuration of the iodine molecules is tested
with the atomic coordinates given in ref 58. We find that the
deformation of the AEL crystals has little help in making the
iodine molecules standing in the channels without the help of
the water molecules, though it becomes more elliptical.
Therefore, in our simulations the AEL crystal with the
symmetry of Ima2 is used, and the lattice constant is assumed
to be constant and independent of the loading of water
molecules.

B RESULTS AND DISCUSSION

Figures 2a,b are the sketches of the Raman scattering
configurations we used. The incident excitation laser is
polarized along the X-axis and propagates along the —Z-axis.
The backscattered signals propagate along the Z-axis. The
channel direction is denoted as c-axis. The intensity of the
incident laser on the sample is about 0.8 mW. During the
experiments, the polarizations of incident laser and the Raman
scattering are in parallel. Thus, the Raman intensity is
proportional to the quantity of the iodine molecules along
the polarization direction of the laser. As studied before, the
iodine molecules in the elliptical channels of AEL crystals are
restricted in the (101) plane and have only two perpendicular
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Figure 2. (a, b) Sketches of the Raman scattering configurations. The
incident laser is polarized along X-axis, and the AEL channels are
denoted as the c-axes. In (a) the channels of the AEL crystals are
parallel to X-axis. In (b) the channels of the AEL crystals are parallel to
Y-axis. (c) Polarized Raman spectra of low loaded L @AEL at different
pressure with the above two scattering configurations. From bottom to
top, the pressure changes from 1013 to 1 mbar. (d) The percentage of
lying (denoted by L) and standing (denoted by S) integrated Raman
signals of L, @AEL at different pressure. #1 and #2 are the results of
two independent samples.

orientations: either lying along the channel axes or standing
along the major axes of the ellipses. Therefore, only the lying
iodine molecules can be detected by the Raman scattering with
the configuration shown in Figure 2a, while in Figure 2b only
the standing iodine molecules can be detected.

The dependence of polarized Raman spectra on environ-
mental pressure taken from the two configurations is shown in
Figure 2c. In this experiment, the low loaded I, @AEL is put in
a flat chamber with transparent cover. The chamber is
connected to a pump with an adjustable valve and a
vacuometer. During Raman scattering, the pressure is fixed to
a unique value by controlling the valve. At 1013 mbar, there is
only one Raman mode at 214 cm™' which comes from the
iodine molecules standing along the major axes of the ellipses,
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and no Raman signal is detected when the laser is polarized
along the channel direction. With decrease of pressure, the
intensity of the Raman signal at 214 cm™' decreases
monotonously. Meanwhile, a Raman mode at 193 cm™
appears in the lying configuration and its intensity increases.
In addition, the lying Raman signals gradually changes from 193
to 207 cm™' when the pressure reaches 50 mbar. The two
different Raman shifts of the lying iodine molecules at different
pressure come from a different degree of constraint of water
molecules. At low vacuum, although part of iodine molecules
rotates to lie along the channels, the vicinity of the lying iodine
molecules are full of water molecules which will soft the
vibration of the iodine molecules and result in a Raman shift at
193 cm™'. When relatively high vacuum is obtained, the water
molecules are almost driven out of the channels, and the lying
iodine molecules are only constrained by the AEL channel
walls, which results in a Raman shift of 207 cm™.. In contrast,
the Raman shift of the standing iodine molecules at 214 cm™" is
almost not affected by the surrounding water molecules
because the water molecules are adsorbed beside the standing
iodine molecules instead of adsorbed along the bond direction,
as shown in Figure la.

The percentage of integrated Raman signals from the two
configurations at different environmental pressure is plotted in
Figure 2d. The dots marked #1 and #2 in different colors come
from two independent samples. The symbols L and S denote
the percentage of the iodine molecules with lying and standing
configurations, respectively. It clearly shows that under
atmospheric pressure all of the iodine molecules have standing
configurations. However, the percentage of the standing iodine
decreases remarkably with the decrease of the surrounding
pressure. At the same time the lying one increases accordingly.
This tendency reaches an equilibrium state at about 10 mbar, at
which more than 70% of the iodine molecules become lying
configurations.

The pressure-dependent orientation of the iodine molecules
is related to the variation of the density of water molecules
inside the AEL channels at different pressure. The calcined AEL
crystal is hydrophilic though it is an electrically neutral material.
The partial charged atoms prefer to adsorb polar molecules to
balance the local charges. In the low loaded I, @AEL, most of
the channels are empty at the moment the sample are prepared.
The moisture in the air will be naturally adsorbed to fully fill
the channels and balance the local charges. Thus, under
ambient conditions, the iodine molecules are spatially con-
strained not only by the AEL channels but also by the
surrounding water molecules in the channels. The dual
confinement makes the iodine molecules have standing
configurations in the equilibrium states. With increasing
vacuum, the adsorbed water molecules begin to escape from
the channels. The iodine molecules in the water-free AEL
channels prefer lying along the channels.

To verify the effect of water molecules, we carried out a
controlled experiment using dried nitrogen gas (see the
Supporting Information). We found that in the dried nitrogen
gas the configuration of the iodine molecules inside the AEL
crytals remains much like the case in vacuum instead of in
ambient air. This result further verifies that it is the polar
property of water molecules which makes the iodine molecules
standing in channels in thermally equilibrated condition, and
the orientation can be controlled by different density of water
molecules.
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We further explore the underlying mechanism of the
orientation of iodine molecules in the hydrated AEL channels
with MD simulations from a molecular point of view. Figures
3a and 3b are the snapshots of MD simulations box with 10 and
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Figure 3. Snapshots of the MD simulations of low loaded I, @AEL
projected in (101) and (110) plane with 10 (a) and 30 (b) water
molecules in each channel of simulation box. (c) MD simulation
results of the percentage of lying (square) and standing (triangle)
iodine molecules as a function of the loading of water molecules.

30 water molecules projected in the (101) and (110) planes,
respectively. We can see that at low loading the water molecules
like to pack together through hydrogen bonds. The iodine
molecules are either separated away from the water molecules
or next to the water clusters with one side free. Thus, at low
loading of water molecules, the iodine molecules can easily
move along the channels. At high loading, the iodine molecules
are surrounded by the water molecules, which make the iodine
molecules stand up along the major axes of the ellipses with the
combination of the framework potential. Figure 3¢ shows the
statistic results of the influence of water molecules on the
orientation of iodine molecules. The intensity of the
distribution is calculated following the normalized Raman
intensity by 1(6,) = [ Y., cos*(8, — ,)]/N, here 6, is the angle
between the projection of the iodine bond in the (101) plane
and the channel axis. As has been studied that the iodine
molecules are always confined in the (101) plane of AEL
crystals, therefore, 8, = 0° means the iodine molecule lying
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along the channel and 6, 90° means the standing
configuration. The percentage of the standing and lying iodine
molecules are calculated by Pynging = 1(69°)/[1(69:) + 1(6ye)]
X 100% and Py, = 1(60)/[1(690) + 1(65e)] X 100% to follow
the experiments results. We can see that at low density of water
molecules the iodine molecules in the AEL channels prefer to
lie along the channels. The iodine molecules incline to standing
up with increasing water molecules. When 30 water molecules
are introduced in each channel of the simulation box, all of the
iodine molecules are in standing configurations. The MD
simulation results are fully consistent with the experimental
observations. In addition, during the hydration process, the
orientation of the iodine molecules becomes increasingly
sensitive to the number of the water molecules, especially
near the saturation state.

The potential energy surface of iodine molecules in the AEL
channels with different configurations (see in ref 48) tells us
that the standing configuration is the most stable state while the
lying configuration is a metastable state if only one iodine
molecule is considered. These two configurations are
interchangeable by overcoming a rotation barrier. In the AEL
channels the standing iodine molecules are well restricted due
to both the appropriate size of ellipses and their size alternation
throughout the channels. The potential energy of the standing
iodine increases sharply if it departs from the most stable
condition. In contrast, the interactions between the lying iodine
molecules and AEL channels are much smoother and the iodine
molecules can diffuse forward and backward easily. Because of
the thermal motion at room temperature, the iodine molecule
tends to have a lying configuration which has lower free energy
compared to the well-restricted standing configuration. After
hydration, the iodine molecules are surrounded by water
molecules. The interactions between water molecules and the
AEL crystals are dominated by the Coulomb electrostatic
interactions which are much stronger than the van der Waals
interactions between iodine molecules and the AEL crystals.
Thus, the structures of the adsorbates are the result of a
competition between adsorption of water molecules and the
orientation selection of iodine molecules. After adsorption
saturation, the standing configuration becomes an energetically
favorable state against thermal perturbation at 300 K. In that
state, the iodine molecules are standing in the wide part of the
channels with water molecules blocking at both end of the
channel as shown in Figure la. Furthermore, the diffusion
efficiency of the water molecules is larger than that of the
iodine molecules due to the small mass. The water molecules at
the end of the channels will escape from the channels easily if
the environmental pressure is decreased. Then the water-free
iodine molecules in the channels will rotate back to the lying
configurations until thermally equilibrated. The detailed
analysis shows that the topological match between the AEL
channels and iodine molecules as well as the confinement of
water molecules are the key roles in the orientation ordering of
iodine molecules.

Until now, we have developed an orientation transition
mechanism of the confined iodine molecules: the orientation of
the iodine molecules confined in AEL crystals is dependent on
the loading of water molecules. Because both the iodine
molecules and the water molecules are introduced into the
channels by physical diffusion, the nonbonding interactions
between the adsorbates and the AEL channels can be broken if
the thermal motion increases. Thus, temperature effect is used
to further test our model.
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The temperature dependence of the polarized Raman spectra
and the percentage of integrated Raman signals of low loaded
L@AEL are given in Figure 4. During the measurement, the
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Figure 4. (a) Polarized Raman spectra of the low loaded L, @AEL
measured at different temperature with lying and standing
configurations. (b) The percentage of lying (square) and standing
(triangle) integrated Raman signals of the L@AEL at different
temperature. #1 and #2 are the results of two independent samples.

L@AEL is put on a heating platform with the crystal directions
as shown in Figures 2a,b. The stability of the laser point on the
sample is ensured during measurement and the power of
incident laser is 1.01 mW. In Figure 4a, we can see that from 25
to 60 °C the standing signal at 214 cm™' decrease while the
lying signals at 207 cm™"' (193 cm™" at the first stage) increase
monotonously from zero, which is quite similar to the
dependence of environmental pressure shown in Figure 2c.
At a temperature above 60 °C, both the standing and the lying
Raman signals decrease because of escaping of the iodine
molecules from the channels. Though both signals decrease at
high temperature, the percentage of the two signals changes
monotonously and become relatively stable even at a
temperature above 60 °C, as shown in Figure 4b. The dots
marked #1 and #2 in different colors represent the results of
two independent samples. We attribute the rapid exchange of
the percentage at about 47 °C to the escape of water molecules
and the both signals decrease because of desorption of iodine
molecules at high temperature.

The two stages desorption of the hydrated I, @AEL has been
confirmed by the thermal gravimetric (TG) curve and the
corresponding derivative curve shown in Figure 5. We have to
declare that the loading of the iodine used in the TG analysis is
much higher than that measured by Raman spectra with the
purpose to study the escape temperature of the iodine
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Figure 5. Thermal gravimetric curve and the corresponding derivative
curve of high loaded I, @AEL. The two features of the derivative curve
correspond to desorption of water molecules (38.6 °C) and iodine
molecules (74 °C).

molecules more clearly. We can see obviously that there are two
stages of mass decline with the features at 38.6 and 74 °C,
corresponding to desorption of water molecules and iodine
molecules, respectively. Thus, with the increase of temperature,
the water molecules will be driven out first and left the iodine
molecules alone. Simultaneously, the orientation of the
confined iodine molecules will transform from standing
configurations gradually to lying configurations. The TG
analysis of pure hydrated AEL crystals are further used to
verify the escape temperature of the water molecules to follow
that in low loaded L, @AEL, as shown in the Supporting
Information. The desorption feature of pure hydrated AEL
crystals happens at 46 °C instead of 38.6 °C, which is
consistent with the temperature at which the percentage of the
Raman signals exchange. We have to mention that during the
heating process the effect of temperature on the configuration
of iodine molecules is negligibly small, and the temperature
influence on desorption of water molecules is a dominant factor
that determines the configurations of the iodine molecules in
hydrated AEL crystals.

Since temperature can be used to control the orientation of
the iodine molecules, the heating by laser irradiation may also
be feasible as the same effect of temperature. Besides, the laser
can locally control the configurations of iodine molecules
instead of globally control. Moreover, the water molecules can
be reversibly absorbed or desorbed from the AEL channels,®
which makes the orientation transition of iodine molecules
repeatable and reversible.

The power of the incident laser ranges from 1.01 to 10.0 mW
and then back to 1.01 mW. The irradiated area is about 4 gm>
From the polarized Raman spectra in Figure 6a, we can see that
with lower incident laser power there is only standing Raman
mode at 214 cm™'. As we increase the laser power, the lying
signal becomes stronger and the standing signal becomes
weaker. This phenomenon is almost the same as temperature
effect discussed above. The coappearance of the lying signals of
193 and 207 cm™' at 5.63 mW is the result of Gaussian
distribution of the laser power. Clearly, when the power of laser
changes back from 10 to 1.01 mW, the lying signals disappear
and the intensity of the standing signals increase again, though
the intensity is smaller than that of the forward process. The
percentage of the integrated lying and standing Raman signals
with increasing (black curves) and decreasing (red curves) laser
power in Figure 6b shows that the forward and backward

4428

a ie an
@ L Stand
. H A 1.01 mw
~ 1 A 260mw |
% A_4.09 mw
; A_5.63 mw
G 1 A A_T.07 mw
S A N . B.48 mw
.E ] A A 10,0 mw
© _Neo7 em’ A B4Bmw
E A “n 7.07 mw
x A N\ 563 mw
-1
4 193¢m_ B 1}4.09 mw
RESEESE 280 mw
214 cm J\_1.01 mw
T . T o T . T T ». T ¥ T * T
160 200 240 280160 200 240 280
Raman shift (cm™)
120
(b) ®m Liincrease 4 S:increase
1004 *\ = L:decrease 4 S:decrease
A Y
1 4
— 80 3
§ : i = u
|
® 60- A " -
8 F . l 7
% 404 M A 4
a A u A § a4,
20{ ,g " W
/
o4 &
T T T T T
0 2 4 6 8 10
Laser Power (mw)

Figure 6. (a) Polarized Raman spectra of low loaded L,@AEL
measured at different laser power with the lying and standing
configurations. The laser power increases from 1.01 to 10 mW and
then reverses back. (b) The percentage of lying (square) and standing
(triangle) integrated Raman signals of the L,@AEL with increase and
decrease of laser power. The arrows represent the sequence of the data
in the same color.

percentages coincide quite well. During the laser heating, the
water molecules within the laser spot diffuse to the
surroundings at a lower temperature, but the iodine molecules
still stay there. When the laser power decreases, the
surrounding water molecules quickly fill up the interspaces
around the iodine molecules. This laser power effect confirms
the repeatable and reversible control of iodine molecular
orientation by hydrating and dehydrating the AEL crystals.
Thus, with the help of laser irradiation, the orientation of the
iodine molecules can be switched quickly between these two
configurations.

Bl CONCLUSIONS

In summary, the spatial orientation of the neutral iodine
molecules inside the nanochannels of AEL crystals is
systematically studied by means of polarized Raman scattering
and MD simulations. In the AEL crystals, the iodine molecules
can self-assemble to a unique and stable direction with the help
of water molecules which are naturally adsorbed in the calcined
AEL crystals. Moreover, the molecular orientation can be
precisely manipulated by controlling the density of the water
adsorbed inside the crystal. After removing the water molecules,
the iodine molecules change their orientation from the standing
configuration to lying along the channels, and thus are rotated
by 90°. This phenomenon has been experimentally validated by
environmental pressure and temperature. In addition, with the
help of laser irradiation, we successfully demonstrated a
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reversible local control of the orientation of the iodine
molecules. From the MD simulations, we find that the size
match between AEL channels and the iodine molecules as well
as the hydrophilic nature of the AEL crystals play the key roles
in this controllable process. The confinement-induced
orientation control of the neutral molecules is a novel way of
self-assembly. As compared to other mechanical and chemical
operations, both physical and chemical properties of the
adsorbates are well maintained without any damage in our
reversible process. Our result will find applications in
engineering nanostructured devices at single molecule level.
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Coordinates of AEL crystal used in the simulation; polarized
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