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determined by the Raman scattering 
tensor α′, which can be expressed as
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   Each component α′ρσ  ( ρ ,  σ  =  x ,  y  or 
 z ) can be measured separately for experi-
mental geometries in which the scat-
tering and excitation lights are polarized 
along the  ρ -axis and  σ -axis, respectively. 
According to the group theory, the form 
of the Raman scattering tensor of each 
vibrational mode can well describe the 
corresponding vibrational symmetry spe-
cies and can be used to verify the crystal 
axes, [ 1,2 ]  such as for ZnO crystal, [ 3 ]  BeO 
crystal [ 4 ]  and TiO 2  crystal. [ 5 ]  For low-
dimensional macromolecule such as 
carbon nanotubes, apart from estimating 
its radius from the vibrational frequency 
of radial breathing mode, polarized 
Raman spectroscopy can also be used to 
confi rm the nanotube’s orientation, [ 6–8 ]  
or even to determine the curvature effect 

induced force constant difference between vibrations along the 
nanotube axis and circumferential direction. [ 9 ]  

 For single molecules, in theory polarized Raman spectroscopy 
can provide richly useful information on the molecular shape 
such as determining the orientation of each functional group 
with respect to the rest of the molecule, [ 10 ]  but only limited struc-
tural information can be obtained because gaseous single mole-
cules are freely rotating and randomly oriented. The Raman scat-
tering tensor of single molecules can only be derived by compli-
cated conversion from polarized Raman scattering experiment 
on oriented single crystals of known molecular structure. [ 10 ]  
Thus, the Raman scattering tensor only plays a secondary role 
and serves as a supplementary method to corroborate the mole-
cular structure. [ 11 ]  Instead of common X-ray and neutron diffrac-
tions, the equilibrium structure of one single molecule has to be 
resolved at temperature near absolute zero by the special atomic 
force microscopy. [ 12 ]  The Raman spectrum of one single mol-
ecule still cannot be observed directly due to the extremely low 
signal strength. It has been demonstrated that single-molecule 
sensitivity can be achieved with the help of surface-enhanced 
Raman scattering technique, [ 13,14 ]  and Raman polarization 
behavior in certain direction has been observed, [ 13,15 ]  but owing 
to the fact that the molecule is attached to silver nanoparticle or 
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  1.     Introduction 

 The world around us is built up by chemical bonds, whose equi-
librium length in a crystal can be estimated by X-ray or neu-
tron diffractions and vibrational behavior can be well-described 
by Raman spectroscopy. The vibrational symmetry can be 

Adv. Funct. Mater. 2015, 25, 3934–3942

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201500763


FU
LL P

A
P
ER

3935wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

deposited on metal substrate the complete determination of the 
molecule’s Raman scattering tensor remains elusive. 

 If we can create a kind of “oriented gas,” which can be 
easily manipulated three-dimensionally and consists of bil-
lions of independent single molecules with the same orienta-
tion, the problem will be solved since its Raman tensor will 
be the same as that of one molecule and the signal strength 
is detectable. In this article, we focused on using the nano-
channels of aluminophosphate (AlPO 4 - n ) zeolite single crys-
tals to control the orientations of iodine diatomic molecules 
occluded. 

 The iodine molecule, which is a diatomic molecule, 
belongs to the  D  ∞h  point group and has only one vibrational 
mode ( A  1g ). As exemplified in  Figure    1  a, if the iodine mol-
ecule is oriented along the z-axis, only 0xx yyα α′ = ′ ≠  and 

0zzα′ ≠  will hold, according to group theory which dictates 
whether a component is zero or nonzero. [ 1,2 ]  The recent 
developing first-principles density functional theory (DFT) 
calculation can be used to further calculate the values of 
these components, [ 16 ]  which serves as a complement to the 
rigorous group theory and can be compared with the experi-
mental results directly. The DFT calculated Raman scat-
tering tensor of the iodine molecule mentioned above can 
be expressed as
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 where 0.088xx yyα α α′ = ′ = ′ = −⊥ , and 0.451zz �α α′ = ′ = − , the 
unit is Å 2 . The detailed discussion of the relationship between 
the Raman tensors of different vibrational modes and the 
molecular structures of several small molecules is given in the 
Supporting Information. 

  If the iodine molecule is rotated clockwise through angle  θ  
around  y -axis, according to the tensor transformation rules, the 
Raman tensor can be calculated as
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   As depicted in Figure  1 b, the iodine molecule is rotated 45° 
clockwise in the  xz -plane, then the related Raman tensor can be 
calculated from Equation  ( 2)   and  ( 3)   as
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 which is in good agreement with the one obtained directly from 
DFT calculations (Figure  1 b). Equation  ( 4)   shows that besides 
the diagonal terms, the off-diagonal terms can also become 
nonzero under rotation. The general Raman experiment on 
gaseous molecules can only measure the isotropic average of 
Raman tensor, which is the average value over all directions 
with the assumption that the molecules are randomly oriented. 

 In this article, we will show it is feasible to control the orienta-
tions of iodine single molecules inside the array of uniform 1D 
parallel nano-channels of AlPO 4 - n  crystals, which are suitable to 
accommodate small guest molecules. [ 17–28 ]  The optical analysis of 
the embedded molecules can be easily conducted on these crystals 
due to their transparency from ultraviolet to near-infrared. [ 22–33 ]  
According to the dimensions of the nano-channels and the iodine 
molecules, we have chosen two types of single crystals: AlPO 4 –5 
(AFI) and AlPO 4 –11 (AEL). We will demonstrate that for iodine-
loaded AFI crystal (I 2 @AFI), the confi ned iodine molecules 
resemble free-rotating gaseous molecules. In contrast, for iodine-
loaded AEL crystal (I 2 @AEL), iodine molecules can only be ori-
ented along or perpendicularly to the channel axis (oriented gas), 
then the Raman tensor can be measured directly since iodine 
molecules’ orientations are determinate.  

  2.     Results and Discussion 

  2.1.     The Iodine Molecules’ Orientations inside Nano-Channels 

 The framework structures of the AFI and AEL single crystals 
have been well-established. [ 34–36 ]  There are uniform arrays 
of parallel 1D nano-channels inside the AFI and AEL crystal 
( Figure    2  a,d). The main channel of AFI crystal has a circular 
cross section, which consists of 12 alternating AlO 4  and PO 4  
tetrahedrons (Figure  2 b). The Connolly surface [ 37 ]  (or molecular 
surface) of the nano-channel viewed from the [100] direction is 
illustrated in translucent blue color in Figure  2 c, with the obser-
vation direction pointed out in Figure  2 a. The diameter of the 
channel fl uctuates between  d l   = 8.6 Å and  d s   = 7.1 Å due to the 
inherent arrangement of constituent atoms. Since the length 
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 Figure 1.    The vibrational modes and calculated Raman scattering tensors 
of iodine molecules oriented a) along  z -axis and b) 45° with respect to 
the  z -axis and  x -axis.
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of iodine molecule is  l d   = 6.7 Å and the width is  w a   = 4.0 Å, 
it can be inferred that iodine molecules may have any orien-
tations inside the AFI crystal channel. They can “stand,” “lie” 
or be placed in a certain angle with the channel axis anywhere 
inside the channel (Figure  2 c). There is not a preferred orienta-
tion or favorite position for iodine molecules inside AFI crystal 
channels. 

  However, the situation is different for I 2 @AEL. Unlike the 
AFI crystal, the cross section of the AEL crystal nano-channel 
is elliptical (Figure  2 d, e). Figure  2 f, g show the lateral views 
of Connolly surface observed from [010] and [100] direc-
tions with the observation directions illustrated in Figure  2 d. 
Figure  2 f illustrates that the major axis of the elliptical cross 
section fl uctuates between  d l   = 7.6 and  d s   = 5.7 Å. It can be 
imagined that the iodine molecules may be oriented to “lie” 
along the channel axis or “stand” exactly at the widest part of 
the major axis (Figure  2 f). The “lying” molecules can move 
back and forth inside the nano-channel, whilst the “standing” 
ones are trapped by the structure of the wide part. The minor 
axis fl uctuates between  d l   = 5.8 and  d s   = 4.2 Å (Figure  2 g). The 
iodine molecules cannot be oriented along the minor axis, so 
we can only see the vibrational motion of the “standing” and 
“lying” molecules in Figure  2 e, g. It must be emphasized that 
the “lying” molecules are at the center of the channel, due 
to the shape of the elliptical cross section, actually they are 
hard to rotate even viewing from the same direction as that of 
Figure  2 f (see also the Supporting Information). The transfor-
mation of iodine molecules from the “lying” to the “standing” 
ones are diffi cult, and vice versa. They must overcome the 
rotational energy barrier. In fact, the confi gurations of iodine 
molecules in Figure  2  are all based on the results of DFT 

calculations, which will be discussed in detail later. The van 
der Waals spheres representation in Figure  2  just well repro-
duces the electron density region within 0.033 electrons Å −3  
(see the Supporting Information). The illustration of the size 
of the Connolly surface of the nano-channels just helps us to 
better understand the results of the DFT calculations.  

  2.2.     The Normalized Raman Scattering Tensor 

 Polarized Raman spectroscopy was utilized to study the orienta-
tions of iodine molecules confi ned in the AFI and AEL single 
crystals. For experimental geometry in which the scattering 
and excitation lights are polarized along the  ρ -axis and  σ -axis, 
respectively, the Raman scattering intensity is proportional to 
the square of α′ρσ , i.e., 2I α∝ ′ρσ ρσ (the Supporting Information). 
Even though the number of molecules detected cannot be easily 
estimated, the relative value of the Raman scattering tensor α′  
can be determined straightforwardly. 

 From Equation  ( 2)  , we can easily defi ne a normalized zα′ as
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   The correlated normalized scattering intensity tensor zI  is
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 Figure 2.    The infl uence of the diameters of the nano-channels of AFI and AEL crystals on the orientations of iodine molecules embedded. The observa-
tion directions of iodine-loaded a) AFI and d) AEL crystals are illustrated. The circular and elliptical cross sections of b) AFI and e) AEL crystal nano-
channels are demonstrated. The lateral views of iodine confi gurations inside the nano-channels of AFI crystal observed from c) [100] direction and AEL 
crystal observed from f) [010], g) [100] directions are depicted. It reveals that due to the size limitation effect, there is not a preferred orientation or 
favorite position for iodine molecules inside AFI crystal nano-channel, nevertheless iodine molecules inside AEL crystal nano-channel can only adopt 
two confi gurations: “lying” along the channel axis or “standing up” inside the channel. For clarity, only standing iodine molecules are depicted in 
(b) and (e). The two iodine molecules in (f) and (g) are the same ones just viewed from two orthogonal directions illustrated in (d).
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   Equation  ( 6)   shows that, for the VV con-
fi guration (the polarizations of laser and 
Raman scattering lights are parallel) of an 
iodine molecule oriented along the z-axis, 
only Izz  dominates while Ixx  and Iyy  are 
much smaller. For the VH confi guration 
(the polarizations of laser and Raman scat-
tering lights are perpendicular), the Raman 
intensity should equal zero. So we would 
fi rstly use the VV confi guration to determine 
whether the iodine molecules are oriented to 
a certain direction, if the answer is yes, the 
VH confi guration will be adopted to further 
corroborate the Raman tensor of the orienta-
tion-fi xed molecules. Compared with the free 
iodine molecules, the variation of Raman 
scattering tensor of the confi ned iodine mol-
ecules is very small and almost undetect-
able (see the Supporting Information). The 
change of Raman tensor is not considered 
here.  

  2.3.     The Raman Spectra of “Disordered Gas” 

  Figure    3  a shows the confi guration of polar-
ized Raman experiment on the fl at-lying 
I 2 @AFI. The crystal is put onto a rotation 
stage. Figure  3 b shows the baseline cor-
rected Raman spectra measured with dif-
ferent polarization angle  α  every 15° within 
90°. It shows that only one Raman mode 
centered at 209.6 cm −1  is discernible. This 
is consistent with our assumption: iodine 
molecules can have any orientations inside 
the AFI crystal channel (Figure  2 c). There is 
not a preferred orientation for iodine mole-
cules. Figure  3 c shows the polar graph of the 
corresponding normalized Raman intensi-
ties for a complete rotation. It reveals that 
the random distribution of iodine molecules 
is affected to some extent due to the exist-
ence of the nano-channel (the Supporting 
Information). 

  Figure  3 d shows the Raman confi gura-
tion on the erect I 2 @AFI. Figure  3 e illus-
trates that only one Raman mode centered 
at 209.6 cm −1  is observed. The normalized 
intensities shown in Figure  3 f indicates that 
iodine molecules seem to be oriented ran-
domly viewing from this direction, and the 
circular cross section shown in Figure  2 b can 
further support this deduction. 

 In general, for I 2 @AFI, the behavior of 
iodine molecules is similar to that of free-
rotating gaseous molecules. The Raman tensor cannot be 
obtained from I 2 @AFI. In contrast, the exact form of Raman 
tensor can be measured on I 2 @AEL, in which the iodine mol-
ecules’ orientations are determinate.  

  2.4.     The Raman Spectra of “Oriented Gas” 

  Figure    4  a shows the Raman confi guration on the fl at-lying 
I 2 @AEL. In this confi guration the “view” of the channel 
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 Figure 3.    Polarized Raman experiments on the iodine-loaded AFI crystals. The confi gurations 
of the Raman experiments on a) fl at-lying and d) erect AFI crystals are demonstrated. The 
incident excitation laser propagates along the z′ -axis and is polarized along the  y ′-axis. The 
backscattering Raman signal propagates along the  z ′-axis and is also polarized along the  y ′-axis 
(VV confi guration). In addition to the laboratory coordinate system  x ′ y ′ z ′, the crystal coordinate 
system  xyz  is also indicated in red color. The polarization angles are denoted by  α  and  β . 
The Raman spectra measured under each confi guration with polarization angle within 90° are 
illustrated in (b) and (e), respectively. The corresponding normalized integrated intensities for 
one complete rotation are plotted with polar angles in (c) and (f), respectively, and the fi tting 
curves are plotted in red color. It shows that only a Raman mode centered at 209.6 cm −1  is 
observed and the polarized characteristic is unobvious, so the behavior of the iodine molecules 
embedded in AFI crystal nano-channels is similar to that of “disordered gas.”
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“seeing” from the laser is the same as Figure  2 f. Figure  4 b 
shows that two distinct Raman modes centered at 209.1 
and 215.0 cm −1  are discernible with changing the polariza-
tion angle  α  from 0° to 90°. At  α  = 0°, only a Raman mode 
centered at 209.1 cm −1  is observed, which must correspond 
to the “lying” iodine molecules. Similarly, when  α  = 90°, the 
observed Raman mode centered at 215.0 cm −1  is ascribed to 

the “standing” molecules. With the increase of  α  from 0° to 
90°, the Raman mode 209.1 cm −1  is gradually decreased and 
the mode 215.0 cm −1  is gradually increased. So there are 
indeed only two confi gurations of iodine molecules inside 
the AEL crystal channel: “standing” up or “lying” along the 
channel. The iodine molecules lose the “gas” characteristic 
and “oriented gas” is formed. 
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 Figure 4.    Polarized Raman experiments on the iodine-loaded AEL crystals. The confi gurations of the Raman experiments on a) fl at-lying, d) erect, and 
g) side-lying AEL crystals are demonstrated. The incident excitation laser propagates along the z′ -axis and is polarized along the  y ′-axis. The backscat-
tering Raman signal propagates along the  z ′-axis and is also polarized along the  y ′-axis (VV confi guration). In addition to the laboratory coordinate 
system  x ′ y ′ z ′, the crystal coordinate system xyz is also indicated in red color. The polarization angles are denoted by  α ,  β , and  γ . The Raman spectra 
measured under each confi guration with polarization angle within 90° are illustrated in b), e), and h), respectively. The corresponding normalized 
integrated intensities for one complete rotation are plotted with polar angles in c), f), and i), respectively. It shows that two Raman modes centered at 
209.1 and 215.0 cm −1  are observed, which can be attributed to the “lying” and “standing” iodine molecules, respectively. The polarized characteristic 
is very obvious, so the “oriented gas” is formed inside the nano-channels of AEL crystals.
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  Figure  4 c shows the corresponding normalized Raman inten-
sities for a complete rotation. The rotation plane is the  xz -plane, 
and the “lying” molecules are along the  z -axis, while the “standing” 
ones are along the  x -axis. Referring to Equation  ( 3)  , if the mole-
cule’s orientation is fi xed, its Raman intensity dependence on 
the rotation angle  α  can be expressed by the equation in form 
of sin cos2 2 2

I �α α α δ α α δ( ) ( )( ) = ′ + + ′ +⎡⎣ ⎤⎦⊥ . Obviously the 
intensities of “lying” molecules can be fi tted by the expression:

0.2 sin cos2 2 2
I α α α( )( ) = × + , which is represented by the red 
curve in Figure  4 c. This is consistent with 0.20, 1.00�α α′ = ′ =⊥  
of the normalized Raman tensor zα′  expressed in 
Equation  ( 5)  . The intensities of “standing” molecules can be 
fi tted by I 0.3 sin 90 cos 902 2 2

α α α( ) ( ) ( )= × + ° + + °⎡⎣ ⎤⎦ , which is 
represented by the green curve. The 0.3α′ =⊥  is a little larger, 
which may be due to a slightly broad distribution of “standing” 
molecules instead of “standing” exactly along the major axis. 
This will be discussed in detail later. 

 Figure  4 d shows the Raman confi guration on the erect I 2 @
AEL. In this confi guration the “view” of the channel “seeing” 
from the laser is the cross section as shown in Figure  2 e. 
The “standing” molecules prevail, in comparison with that 
the signal for the “lying” ones is weak (Figure  4 e). With the 
increase of the polarization angle  β  from 0° to 90°, the height of 
the “standing” Raman mode 215.0 cm −1  is gradually decreased. 
The intensities shown in Figure  4 f can be well fi tted by the 
expression 0.2 sin cos2 2 2

I β β β( )( ) = × + , which is represented 
by the green curve. 

 Figure  4 g shows the Raman confi guration on the fl ank-
ground I 2 @AEL. The AEL crystal is stuck on a ceramic sheet 
to “stand” up and ground by a grinding/polishing machine. 
One fl ank of the AEL crystal as well as the ceramic sheet 
would be ground together to become a fl at surface. The “lat-
eral view of the laser” is illustrated in Figure  2 g. Only the 
signal of the “lying” molecules is signifi cant (Figure  4 h). The 
intensities shown in Figure  4 i can be well fi tted by the expres-
sion 0.2 sin cos2 2 2

I γ γ γ( )( ) = × + , which is plotted as the red 
curve.  

  2.5.     The Density Functional Theory Calculation 

 Until now, all the Raman spectra have been interpreted per-
fectly, but it is just based on the analysis between the nano-
channel’s dimensions and the size of iodine molecules. In 
order to further understand the behavior of iodine molecules, 
DFT calculation is adopted to investigate the iodine molecules’ 
stable confi gurations inside the nano-channels. 

 As mentioned before, the confi gurations of iodine molecules 
in Figure  2  are all depicted based on the results of DFT calcula-
tions. With the randomly initial placement of iodine molecule 
into the nano-channel of AEL crystal, tens of geometry optimi-
zation had been performed and only two stable confi gurations 
with local energy minima were found (Figure  2 f, g). Not sur-
prisingly, these two confi gurations correspond to the “standing” 
and “lying” iodine molecules. For I 2 @AFI, the geometry 
optimization turns out that infi nitely stable confi gurations with 
local energy minima exist. The AFI crystal’s nano-channel only 
applies very weak infl uence on the iodine molecules embedded. 
Iodine molecules can almost be placed in any angle with the 
channel axis anywhere inside the channel. 

 The vibrational frequencies, bond lengths and total ener-
gies of free-standing molecules, “standing” and “lying” mole-
cules for I 2 @AEL and I 2 @AFI as well as a 45°-tilted molecule 
for I 2 @AFI are calculated, which are tabulated into  Table    1  . 
Because iodine molecules can have any orientation inside the 
nano-channel of AFI crystal, only “standing,” “lying,” and 
“45°-tilted” ones are sampled. For confi ned molecules, experi-
mental results indicate that the observed Raman modes except 
the “standing” one for I 2 @AEL are all around 210 cm −1 , which 
can be regarded as a natural vibrational frequency of iodine 
molecules inside the nano-channels. The DFT calculations 
show the same result that the natural vibrational mode is 
around 220 cm −1 . For the “standing” molecules of I 2 @AEL, 
there is a blueshift of about 5 cm −1  for the observed Raman 
mode, and for the calculation results, the blueshift is around 3 
cm −1 . Generally speaking, apart from the systematic error, the 
calculated and observed Raman shifts are consistent with each 
other. In view of the DFT calculation results, the prior expla-
nations of the polarized Raman spectra are completely correct. 

  Table  1  also indicates that calculated natural bond length of the 
confi ned molecules is about 2.685 Å, which is just a little larger 
than the experimental value 2.665 Å of free-standing iodine mol-
ecule. [ 32 ]  In comparison with the natural length 2.685 Å, the bond 
length 2.678 Å of the “standing” molecule for I 2 @AEL is a little 
shorter, which is due to the compression effect of the channel 
framework on the “standing” molecule (Figure  2 f). This com-
pression effect also leads to the blueshift of the observed Raman 
mode from 209.1 cm −1  of “lying” mole cule to 215.0 cm −1  or the 
calculated Raman mode from 219.9 to 223.4 cm −1 .  

  2.6.     The Raman Scattering Tensor Determination 

 The experimental results are well understood now. For I 2 @
AEL, the iodine molecules would indeed either “lie” or “stand” 

Adv. Funct. Mater. 2015, 25, 3934–3942

www.afm-journal.de
www.MaterialsViews.com

  Table 1.    Comparison between the characteristics of free and confi ned iodine molecules. 

Confi guration Observed Raman shift [cm −1 ] Calculated Raman shift [cm −1 ] Calculated bond length [Å] Calculated total energy of the system [eV]

Standing (AEL) 215.0 223.4 2.678 −77 083.6504

Lying (AEL) 209.1 219.9 2.684 −77 083.7639

Standing (AFI) 209.6 220.5 2.685 −46 495.5213

45°-tilted (AFI) 209.6 220.5 2.685 −46 495.5408

Lying (AFI) 209.6 220.4 2.685 −46 495.5414

Free state 213.3 220.7 2.685
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inside the nano-channel, so the Raman scattering tensor can be 
measured directly. The diagonal terms of normalized scattering 
intensity tensors of the “lying” and “standing” iodine molecules 
for I 2 @AEL have been determined as

     

=
⎡
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=
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(7)

 

   The remaining task is to determine the off-diagonal terms. 
 Figure    5  b shows six normalized spectra in the crossed scat-
tering polarization geometries (VH confi guration) for I 2 @
AEL. The normalized spectrum of  yy  polarization geometry 
which relates to 2α′⊥  in VV confi guration is also plotted for 
comparison. In general, for “lying” iodine molecules, all the 
off-diagonal terms are less than or comparable to 0.01. This 
implies that the lying molecules will have a standard deviation 
of 5° to 10° at room temperature (the Supporting Information). 
If we neglect this small deviation and regard all the off-diag-
onal terms of lying molecules as zero, the normalized Raman 
scattering tensor lieα′  of “lying” iodine molecules can be 
expressed as
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 which is exactly the same as the one obtained from DFT cal-
culation as shown in Equation  ( 5)  . It demonstrates that the 
Raman tensor, for the fi rst time, can be verifi ed directly on the 
orientation-fi xed molecules at room temperature. 

  While for “standing” iodine molecules, it is obvious that the 
 xz  and  zx  terms of intensity tensor are nonzero (Figure  5 b). 
The normalized scattering intensity tensor can be expressed as
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   This contradiction to group theory is due to the distri-
bution infl uence and can be understood as follows: The 
“standing” molecules would like to try to get rid of the com-
pression exerted by the channel framework, so their orienta-
tions are not exactly along the major axis shown in Figure 
 2 f. Here we model that the “standing” molecules inside the 
trap will have a normal distribution centered at the standing 
direction with a standard deviation of  σ  = 18° (the Supporting 
Information). The normalized scattering intensity tensor can 
be calculated as
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 which is exactly the same as that shown in Equation  ( 9)  . The 
actual distribution function may be complicated, this assump-
tion just gives a simple instance that Raman tensor can also 
be used to estimate the molecules’ orientation distribution. 
For “lying” molecules, the experimental results have sug-
gested that they can be regarded as lying exactly along the 
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 Figure 5.    The determination of the off-diagonal terms of Raman scat-
tering tensors of the confi ned “lying” and “standing” iodine molecules 
in the iodine-loaded AEL crystal. The coordinate system  xyz  on the AEL 
crystal is defi ned in a). The six normalized Raman spectra in VH confi gura-
tions to evaluate the off-diagonal terms are plotted in b). The normalized 
spectrum for the  yy  polarization geometry which is measured in VV con-
fi guration is also plotted for comparison. It shows that for “lying” iodine 
molecules, all the off-diagonal terms can be regarded as zero. In contrast, 
for “standing” iodine molecules, the  xz  and  zx  terms are nonzero.
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channel axis, the observed Raman tensor is in good agree-
ment with theoretical value obtained from DFT calculation. 
This work is the fi rst clear demonstration that Raman scat-
tering tensor of single molecules can be measured directly 
and completely.   

  3.     Conclusions 
 In summary, we have proposed and demonstrated an approach 
to directly measure the Raman scattering tensor of single mol-
ecules. From the comparison between the polarized Raman 
spectroscopy and DFT calculation on iodine molecules inside 
AEL and AFI crystals’ nano-channels, it is revealed that the 
iodine molecules inside AFI crystal behave similarly to “dis-
ordered gas”, while the iodine molecules inside AEL crystal 
resemble the “oriented gas.” The orientation-fi xed molecules 
in AEL crystal offer us such an unprecedented opportunity to 
directly measure their Raman scattering tensor, and the experi-
mental value obtained is in excellent agreement with the one 
predicted from DFT calculations. We want to emphasize that 
iodine molecules just serve as a very simple demonstration. 
Taking the whole 225 known zeolite framework types into 
account, a great deal of target molecules can be analyzed. Even 
for AFI and AEL crystals alone, dozens of candidates still exist. 
In addition to zeolite crystals, other matrix crystals or novel 
3D nano-devices may also serve as promising alternatives. [ 38 ]  
Our work demonstrated that by carefully choosing the relevant 
zeolite crystals with appropriate nano-space, the big family of 
zeolites can be utilized as directing template database for ori-
entating a large number of guest molecules to determine their 
Raman scattering tensors, which can be used to estimate the 
molecular structure containing the target guest molecules as 
functional groups.  

  4.     Experimental Section 
  Preparation of I 2 @AEL and I 2 @AFI Crystals : The AFI and AEL single 

crystals were crystallized by using hydrothermally template-directed 
synthesis method. [ 39,40 ]  The typical dimensions of the as-synthesized 
AFI and AEL single crystals are 100 × 100 × 300 and 10 × 30 × 80 µm, 
respectively. The organic template molecules occluded in the nano-
channels were removed by calcining the crystals in oxygen atmosphere 
for about 20 h. The iodine molecules could be diffused into the nano-
channels by sealing the calcined crystals and solid iodine source (BDH 
laboratory supplies, >99%) together in a Pyrex tube under a vacuum of 
10 −3  mbar. The loading density of iodine molecules in the nano-channels 
can be controlled by the weight ratio of the loaded solid iodine to the AFI 
or AEL single crystals. We only concentrate on the low-density iodine-
loaded AEL and AFI crystals in this work. 

  Raman Scattering Experiment : Polarized Raman spectra were 
measured at room temperature using Jobin-Yvon T64000 micro-Raman 
spectrometer in a backscattering confi guration, which is equipped 
with a CCD detector cooled by liquid nitrogen. The excitation laser line 
is a linearly polarized 514.5 nm beam generated from an Innova 70C 
Spectrum laser with a line width of 6 GHz and a power of 30 mW. A 
l00× microscope objective was employed to focus the laser spot onto 
the samples. Subpixel acquisition function of T64000 spectrometer 
was adopted to determine the peak position with a precision up to 
0.1 cm −1 . For I 2 @AEL, the Raman spectra were resolved into the 
“standing” and “lying” modes based on the Lorentzian line shape 
analysis. The intensities were calculated based on the integrated areas. 

  The Connolly Surface of the Nano-Channels : Connolly surface shown in 
Figure  2 , which is the “accessible surface” of iodine atom, was calculated 
via a rolling ball algorithm. [ 37 ]  It depends on the atomic coordinates 
and van der Waals radii of the framework atoms as well as the atomic 
radius of the probe atom. Since there is a 10% uncertainty of the van 
der Waals radii of the atoms, [ 32 ]  Connolly surface only roughly illustrates 
the characteristic of the nano-channel. The radii of framework atoms are 
taken from Mantina’s values: [ 41 ]  1.84, 1.80, and 1.52 Å for aluminum, 
phosphorus, and oxygen, respectively. The radius of the probe atom is 
set to equal the iodine’s atomic radius: 1.98 Å. 

  The DFT Calculation : The fi rst-principles DFT calculation was 
performed by using the CASTEP plane-wave code which has been 
integrated into Materials Studio 6.0 suite package. The exchange-
correlation potential was treated within the generalized gradient-
corrected approximation (GGA) by the Wu--Cohen (WC) functional. [ 42 ]  
Norm-conserving pseudopotentials [ 43 ]  (NCP) of the phosphorus, 
aluminum, oxygen, and iodine atoms were generated by using the open 
source pseudopotential generation package Opium 3.7. The calculation 
details are provided in the Supporting Information.  
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