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 Supramolecular assembly of molecules is a concept extensively 

exploited in chemistry to obtain functionalities and struc-
tures not achievable by synthetic strategies based on covalent 
bonds. [  1  ,  2  ]  Recently, attention has shifted from molecules to 
nano- and micro-objects, [  3  ]  such as (gold) particles, [  4  ]  rods, [  5  ,  6  ]  
and plates [  7  ]  with the aim to assemble them in analogy to what 
has been done with molecules. Porous microsized crystals 
such as zeolites are particularly interesting as building blocks 
since, by accommodating small molecules within their nano-
pores, they are able to bridge the gap between the micro- and 
nanoworlds. [  8–12  ]  The pore structure of zeolite L consists of 
one-dimensional channels running across the whole crystal 
axis. [  12  ]  If loaded with organic dyes, the confi nement exerted 
by the pore dimensions enhances the emissive properties of 
the molecular guests, leading to materials that can be used 
as effective light harvesting antenna systems, [  8  ]  luminescent 
labels for imaging, [  13  ,  14  ]  or for bio-medical applications, [  15  ]  to 
mention a few. In turn, the crystals themselves may also be 
arranged on a larger scale, extending the ordering from the 
molecular to the macroscopic scale and leading to materials 
with exciting properties such as mono-directional transfer of 
electronic excitation energy, or coherent emission of stimu-
lated radiation. [  16–18  ]  However, the fi ne control over each 
individual crystal remains a diffi cult task, and most methods 
available for assembling zeolite L crystals are limited to 
surface functionalization and subsequent reaction in solu-
tion. [  6  ,  19  ,  20  ]  Nevertheless recently, we have demonstrated that 
using  holographic optical tweezers  (HOT) [  21  ,  22  ]  this challenge 
can be elegantly addressed. [  23  ]  

 Optical tweezers employ a tightly focused laser beam which 
can transfer momentum to transparent microparticles and 
hence confi ne them near the focal spot. [  24  ]  Utilizing holographi-
cally tailored laser light fi elds, multiple optical traps can be 
used simultaneously to gain full control over several individual 
zeolite crystals, thus opening the possibility for the assembly 
of complex and defi ned structures. [  23  ]  The aim of this work 
is therefore to develop a simple and robust method based on 
HOT which will lead to the formation of complex and func-
tional assemblies of zeolites. 
© 2012 WILEY-VCH Verlag G
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 As proof of principle, we have created several assemblies 
based on zeolite L. We have used long cylindrical zeolites with 
average length and diameter of 4  μ m  ×  2  μ m or 2  μ m  ×  1  μ m. 
The strong asymmetry of the crystals makes it easy to monitor 
the success of the manipulation and the orientation. For some 
of those structures, we take advantage of luminescent dyes that 
can act as guests, leading to structures with photonic function-
alities: a two-color monolayer, and a structure which demon-
strates spatially selective switching of light emission patterns 
and furthermore can serve as a microsized sensor for light 
polarization. For the two-color monolayer, the building blocks 
have been loaded either with red emissive Oxazine 1 or yellow 
emissive DXP. These dyes have been chosen since they present 
good quantum yields, are easily inserted, and can be selectively 
excited by using conventional dichroic fi lters. Both dyes align 
within the zeolite channels. While dyes with structure similar 
to Oxazine 1 have been reported to tilt within the cavity, DXP 
aligns strictly parallel to the channels and hence to the axis of 
the crystal. [  25  ]  Its electronic transition dipole moment (ETDM) 
coincides for absorption and emission and it is parallel to the 
molecular major axis. As a result, the whole crystal also emits 
light in an anisotropic way. [  11  ]  Thus, in a structure with crystals 
having defi ned orientations with respect to a polarized external 
excitation source, only those presenting a favorable orientation 
will be able to absorb, and consequently emit light. [  25  ,  26  ]  

 The currently available methods to pattern zeolites on sur-
faces or assemble them in rod-like structures rely on chemical 
functionalization or physisorption of the bulk material. [  6  ,  19  ]  
Covalent functionalization is particularly advantageous, since it 
leads to permanent structures. Nevertheless, this type of func-
tionalization, and especially the selective modifi cation of the 
channel entrances, [  27  ]  requires a complex multistep synthetic 
approach. 

 On the other hand, assemblies of particles can also be cre-
ated on the basis of colloidal interactions. [  28–30  ]  Zeolite L crys-
tals are aluminosilicates that present a net negative charge at 
their surface, compensated by the presence of cations within 
their structure. As a result, in neutral conditions, the repul-
sion exerted by their ionic double layers keeps them stable in 
solution. However, in a medium of high ionic strength, the 
ionic double layers are screened and zeolites can come in close 
contact. In this instance, Van-der-Waals forces dominate and 
zeolites adhere effectively to each other or to glass surfaces. [  31  ]  
These forces, although classifi ed as weak, are stronger than the 
force typically exerted by the optical tweezers, and also strong 
enough to keep zeolites fi xed in conditions of moderate fl uid 
fl ow. In order to create permanent assemblies, the pH value can 
be tuned. The rate of hydrolysis of the silica bonds is described 
by a curve with a minimum at pH 7, increasing at acidic or 
basic pH. [  32  ]  The rate of condensation of silanol groups has a 
mbH & Co. KGaA, Weinheim 5199wileyonlinelibrary.com
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     Figure  1 .     a) Monolayer of vertically standing zeolites (DIC image) on 
a glass surface describing the acronym W.W.U. (Westfälische Wilhelms-
Universität). b) 3D sketch of the confi guration.  
maximum between pH 7 and 8, with a steep decrease at basic 
or acidic pH. [  33  ]  Therefore the goal is to hydrolyze the glass sur-
face and to promote condensation between the silanol groups of 
the glass surface and the zeolites in order to immobilize them 
permanently on the substrate. We have chosen to work at pH 
8.5, the crossing point of both curves, using an ammonia-based 
buffer. The reaction, despite being slow, has been proven to be 
very robust. Silica particles immobilized by this method can no 
longer be separated after 48 h. [  28  ]  

 In order to reduce uncontrolled adsorption of the zeolites on 
the glass, the use of anionic surfactants is a winning strategy. 
Above the critical micellar concentration, the surfactant sur-
rounds the zeolites preventing close contact with the glass surface 
or with each other. [  34  ,  35  ]  As a consequence, the zeolites exhibit 
strong Brownian motion in the presence of anionic surfactants 
even after being in contact with a glass substrate for more than 
12 h. Taking into account the above discussed observations, our 
approach consists in providing a surfactant-rich (non-sticking) 
environment to optimize the supply, control and manipulation of 
the building blocks, and another salt-rich (sticking) environment 
where the assembly can be constructed. To handle both inputs 
and control them in a spatial and temporal way we performed 
the assemblies within a microfl uidic channel. The microfl uidic 
platform therefore plays two important roles: fi rst, it provides a 
constant fl ow of building blocks and second, it sets the chem-
ical conditions to ensure permanent assemblies. We created a 
Y-shaped PDMS microchannel (height 50  μ m, width of the small 
arms 300  μ m, width of the big arm 1 mm), where the fi rst arm is 
supplied with a surfactant-rich solution of zeolites (sulfonic acids 
mixture, see experimental section), and the second arm with a 
highly concentrated solution of NaCl (0.5  M ). Both channels 
are pumped with independent microfl uidic pumps at the same 
fl ow rate (6.94 nl/s). At the position where the two arms merge, 
     Figure  2 .     Monolayer of vertically standing zeolites on the glass surface. a) Bright-fi eld illumi-
nation. b) Bright-fi eld and simultaneous fl uorescence excitation. c) Excitation through green 
band-pass fi lter. d) Excitation through red band-pass fi lter.  
a laminar fl ow (Reynolds number Re  <  1) 
establishes which separates the two phases. 
The assembly process is carried out in sev-
eral steps: i) identifi cation of suitable building 
blocks in the surfactant phase, ii) trapping of 
the individual target crystals with the optical 
tweezers, iii) transfer to the construction site, 
iv) orientation of the particles in the desired 
position, v) deposition at the target contact 
surface and iv) exchange of the salt-rich solu-
tion for a pH 8.5 solution once the whole 
structure is fi nished. The process resembles 
an “assembly line” on the micrometer scale 
and has a high potential for automation of 
several or all of the steps. 

 As fi rst test of the optical-tweezers assembly-
line (OTAL), we created a monolayer of 34 
standing zeolites, describing the acronym 
of our university (“W.W.U.”,  Figure    1  ). The 
confi guration was constructed using a single 
optical trap in which the major axis of the 
crystals always aligns parallel to the optical 
axis of the light beam. When placing each zeo-
lite at the contact surface, it becomes instantly 
immobilized (by the van-der-Waals forces), 
resulting in a pattern of upright zeolites.  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
 Increasing the complexity, a second structure is created 
containing dye-loaded zeolites which are assembled following 
a color order.  Figure    2   shows a two-color monolayer of upright 
zeolites observed under different illumination conditions. The 
rows are formed by zeolites fi lled with the yellow-emitting 
DXP dye or with the red-emitting Oxazine 1 molecules. Using 
green excitation light (  λ   Ex   =  531  ±  20 nm), selective excitation 
of the DXP loaded zeolites is achieved and the yellow emis-
sion (  λ   Em   =  593  ±  20 nm) is observed. Switching the excita-
tion to red light (  λ   Ex   =  630  ±  30 nm) results in red emission 
(  λ   Em   =  690  ±  20 nm) of the selectively excited Oxazine 1 loaded 
zeolites. Therefore, the luminescence pattern can easily be 
switched between different states addressing only the desired 
pattern.  

 Both former structures (Figure  1  and  2 ), are formed by zeo-
lites standing upright on a substrate and can be achieved using 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 5199–5204
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     Figure  3 .     a–f) Dynamic structure of zeolites hold together by HOT (see also supporting video): 
a) non-polarized excitation; b) vertically polarized excitation; c–f) horizontally polarized excita-
tion; g) DXP chemical structure and direction of its ETDM. The molecule is symmetrical and 
hence ETDM becomes bidirectional; h) alignment of DXP within a zeolite L and resulting ETDM 
of the whole crystal.  
conventional (single beam) optical tweezers. The elongation of 
a zeolite leads to an orientation, where only the top or bottom of 
the cylinders can be observed through the microscope. Hence, 
the crystals are automatically aligned in the optimal orienta-
tion for the upright deposition on the substrate. More complex 
structures, for which the full control of the crystals is necessary, 
can only be achieved by HOT. [  23  ]  The most effective way to tilt 
the zeolite particles is by the use of one or multiple additional 
traps, and to place these traps at the edges of the crystal. [  23  ,  36  ]  
 Figure    3   shows a dynamic (non-permanent) structure of three 
DXP-loaded zeolites held by six optical traps. The DXP mole-
cules, along these very long zeolites, are mostly diffused in the 
fi rst micrometer of the crystals and therefore their emission is 
detected at each edge of the zeolites. Having oriented the zeo-
lites so that their major axes point along the transverse plane of 
observation, Figure  3 a–f show that the emission is anisotropic 
due to the perfect orientation of the dyes in the narrow chan-
nels (see Figure  3 g,h). [  25  ]  Therefore, the illumination is changed 
from non-polarized (a), to vertical polarized (b), to horizontal 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2012, 24, 5199–5204
polarized (c). From (b) and (c), it is clearly 
seen that structures being perpendicularly 
oriented with respect to the excitation axis 
of the incident polarized light do not absorb 
light and hence do not fl uoresce. [  25–26  ,  37  ]  In 
the second row (d–f), the polarization is kept 
horizontal and the whole assembly is rotated 
by 90 °  each time. In this case, the lumines-
cent properties of the assembly are dependent 
on its rotation position.  

 This result has motivated the concept of a 
permanent structure serving as polarization 
sensor, as shown in  Figure    4  . The structure 
consists of 10 equally spaced zeolites lying 
on the circumference of a circle and having 
their long axes oriented at angles of 10 °  with 
respect to each other. There is an additional 
zeolite which is placed upright on the surface, 
and which serves as reference at the center of 
the circle. Figure 4a and 4b are taken under 
bright-fi eld and non-polarized fl uorescence 
excitation conditions, respectively. With the 
non-polarized excitation, the whole assembly 
exhibits fl uorescence (Figure 4b).  

 In this structure, DXP loading is more 
homogeneous than for the samples shown 
in Figure  3 , and fl uorescence is seen along 
the whole crystals for some of them. This 
reveals one of the advantages of the OTAL, 
which enabled us to select the best candi-
dates as building blocks. Figure 4c is taken in 
conditions of horizontal excitation. Zeolites 
oriented perpendicularly with respect to the 
excitation axis do not exhibit fl uorescence, 
whereas as the angle between the zeolite’s 
axis and the excitation axis decreases, the fl u-
orescence intensity increases. In Figure 4d, 
polarization is changed to vertical and, as 
expected, an analogous behavior but in the 
opposite direction is observed. In order to 
quantify the photonic response of the structure, the light inten-
sity of each zeolite was measured with a calibrated detection 
camera and normalized by the intensity values of the zeolites 
under unpolarized light. In Figure 4e and 4f, the normalized 
emission intensity is plotted versus the angle of orientation. 
According to Malus’ law, the dependence is expected to be of 
a cosine square type in the case of perfectly polarized light and 
perfect (narrow) polarization response of the zeolites. [  26  ]  A best 
fi tted cosine-square curve is shown with the data, revealing evi-
dently a complete agreement. 

 Interestingly, the zeolite placed as reference at the center 
of the circle also exhibits fl uorescence. The reason for this 
response is not obvious because the zeolite’s channels are 
aligned parallel to the direction of the fl uorescence illumina-
tion, and thus perpendicular with respect to any transverse 
electric fi eld vector. The cosine-square dependence indicates 
that dye molecules which are strictly perpendicular oriented 
with respect to the electric fi eld vector of the excitation light will 
not be excited. [  26  ]  In strong focusing conditions–like in this case 
5201wileyonlinelibrary.comheim
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     Figure  4 .     a–d) Permanent structure of 11 zeolites on glass surface: a) bright-fi eld illumination; 
b) non-polarized excitation; c) horizontal polarization; d) vertical polarization; e) intensity vs. 
angle using horizontal excitation; f) intensity vs. angle using vertical excitation.  

     Figure  5 .     3D “tower” consisting of 6 zeolite crystals: a) at the surface; b) 2.1  μ m over the 
surface; c) 4.2  μ m over the surface.  
where an NA  =  1.49 microscope objective is 
used to achieve epifl uorescence illumina-
tion–, however, the electric fi eld vector can 
have a signifi cant axial component. [  38  ]  This 
axial component is parallel to the channels 
of the upright zeolite crystal and thus the dye 
molecules, and apparently causes the fl uores-
cence response. 

 Finally, our approach also enables the 
construction of 3D structures as shown in 
 Figure    5  , opening the possibility of con-
structing, for example, photonic band-gap 
materials. [  28  ,  30  ,  39  ]  A “tower” of six zeolite 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
L crystals built on a glass substrate is pre-
sented. Each layer consists of two parallel-
oriented crystals; the structure consists of 
three layers. The diameter of the crystals is 
consistent with the measured layer-layer dis-
tance of approximately 2  μ m. The second and 
third layers are blurry since they are observed 
from underneath with an inverted micro-
scope through the other layers which distort 
the image.  

 Similar approaches have also previously 
taken advantage of optical tweezers and col-
loidal interactions to assemble simple micro-
sized particles. [  29  ]  Alternatively, particles have 
also been fi xed by polymerization of the sur-
rounding medium after trapping them in the 
desired confi gurations. [  39  ,  40  ]  Benito et al. [  28  ]  
made use of depletion interactions in order to 
construct 3D structures based on polystyrene 
microspheres. They connected through a 
1 mm gap two regions of a microscope slide, 
one containing a stable suspension of micro-
spheres in water while the other contained 
viscous poly(sodium 4-styrenesulfonate). In 
that work, the limiting factors were the long 
transfer times between the two regions and 
the limited supply of building blocks. Both 
problems are circumvented with the OTAL. 
Whereas the continuous supply is ensured 
by the microfl uidic fl ow, the transfer from 
the supply to the construction site takes less 
than 20 seconds even in the current imple-
mentation which is not yet optimized for 
maximum processing speed. In our case, 
the limiting step is the tilting of the zeolites 
before assembly. To achieve this without dis-
turbances by the fl uid fl ow, the fl ow was usu-
ally stopped while tilting. As soon as the zeo-
lites are placed in the target position with the 
desired orientation, the fl ow is reinitiated to 
avoid mixing of the two phases. 

 In conclusion we have presented a simple, 
robust, and versatile method for the con-
struction of permanent and functional 2D 
and 3D microstructures of zeolites, or other 
silica based particles, by combining HOT, 
eim Adv. Mater. 2012, 24, 5199–5204
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microfl uidics, and colloidal interactions. The OTAL has a high 
potential for automation: optimization of the microfl uidics 
could lead to the use of several “lines” in parallel, each of them 
with different building blocks; optimization of the optics would 
allow performing multiple operations in parallel. This would 
improve operation speed and eventually can lead to the pro-
duction scale of customized microstructures, fi nding potential 
applications in microelectronics, photonics, biomedicine or 
sensing technology. Colloidal interactions could be combined 
with chemical functionalization so as to expand the method-
ology to organic materials. 

 The demonstrated structures give an idea of possible func-
tionalities. We have shown 2D and 3D structures of different 
geometrical complexity, hybrid assemblies of differently loaded 
zeolites, and light-induced selective switching of microscopic 
illumination patterns. The sophisticated arrangement of zeo-
lites loaded with polarization-sensitive dyes suggests exciting 
applications as micro polarization-sensors or for the characteri-
zation of the polarization properties of new dyes.  

 Experimental Section  
 C h e m i c a l s   :   N  ,  N  - b i s ( 2 , 6 - d i m e t h y l p h e n y l ) - 3 , 4 : 9 , 1 0 -

perylentetracarboxylic diimide (DXP) was purchased from Aldrich and 
Oxazine 1 from Molecular Probes. The cylindrical zeolite L crystals were 
prepared according to a procedure described in the literature. [  25  ]  Crystals 
loaded with DXP and Oxazine 1 were prepared by gas-phase insertion 
and ion exchange, respectively. [  25  ]  

 As surfactant, we used a 10% aqueous solution of the commercial 
wetting agent Agepon (Agfa), which is an aqueous mixture of 
laurylpolyglycoether, with n-alkyl (C10–18) sulfonic acids sodium salts 
and benzoic acid sodium salt. The surfactant only had the role of 
avoiding unwanted adherence of the zeolites; other anionic surfactants 
could be used.  

 Optical-Tweezers Workstation : We employed a holographic optical 
tweezers (HOT) system that was self-developed and integrated into a 
commercially available Nikon Ti inverted microscope. The microscope 
was equipped with fl uorescence illumination, and motorized focus 
control and translation stage. The HOT system enabled the dynamic and 
interactive generation of single and multiple optical tweezers that could 
be steered independently and positioned freely within the fi eld of view. 
The manipulated particles were observed with bright-fi eld illumination, 
fl uorescence illumination, or differential interference contrast (DIC), 
respectively. Details of the HOT system can be found in previous 
publications. [  23  ,  36  ]   

 Microfl uidic Platform : The microfl uidic setup consisted of a custom-
made PDMS Y-channel that was served by two computer-controlled 
high-precision syringe pumps (PSD/3 mini from Duratec, Germany). For 
the actual experiments, we used the minimal fl ow rate possible with the 
employed syringes (25  μ l each) of 6.94 nl/s from each pump. Between 
different experiments, the channels were fl ushed with higher fl ow rates 
of up to 2.5  μ l/s per pump.  

 PDMS Y-Channel Preparation : The PDMS channels were prepared 
from polytetrafl uoroethylene-coated silicon relief masters, which 
were initially embedded in a custom-made casting mold. The PDMS 
(Sylgart 184 from Dow Corning) was degassed for 30 min in a vacuum 
desiccator and poured into the mold. After baking, the bottom of the 
casting mold together with the silicon master was removed. The PDMS 
surface and a clean microscopy cover glass were exposed to ozone for 
15 min and then assembled immediately. As a result, the cover glass 
was permanently glued to the PDMS and serves as the bottom of the 
microfl uidic channel.  

 Image Acquisition and Processing : Microscopy images were acquired 
using an intensity-calibrated monochrome 10bit CCD camera. 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 5199–5204
Quantitative data were extracted directly from the raw images while 
the images shown were optimized for visibility using standard contrast 
fi lters. Furthermore, color (yellow/red) was applied to some of the 
images, in order to reproduce the original colors that were selected by 
fl uorescence fi lters but not maintained by the monochrome camera.  
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