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Abstract:  Multifunctional hybrid materials are obtained by modifying 
zeolite L (ZL) with stopcock molecules, consisting of a tail group that 
can enter the ZL nanochannels and a head group too large to pass 
the channel opening. However, to date no microscopic-level 
structural information on modified ZL materials has been reported. 
Herein we draw atomistic pictures of channel openings and 
stopcock-functionalized ZL based on first-principles calculations. We 
elucidate the interactions of the tail group with the inner surface of 
ZL channels and the space-filling properties of the stopcocks, 
revealing cork- or lid-sealing modes. Water is essential to obtain 
stable modifications. Al-OH groups are the preferred modification 
sites, bipodal modifications suffer from strain, and tripod binding is 
ruled out. Our results suggest the viability of recursive 
functionalization by cross-linking.   

An impressive variety of composites with a wide range of 
appealing properties and potential applications, ranging from 
effect pigments and light harvesting to sensing and diagnostics, 
has been realized by using the one-dimensional nanochannels 
of Zeolite L (ZL) as the hosts for ions, complexes, molecules, 
and nanoparticles.[1-12] In the ZL hexagonal structure, which can 
be roughly considered as a cylinder, the surface coat and the 
base have different reactivities. It is therefore possible to 
selectively modify them to fine-tune the properties of the zeolite. 
[1,2,4,13-25] Selective modification has been used, for example, for 
organizing ZL microcrystals into two-dimensional functional entities, 
such as monolayers, multilayers, and patterned monolayers, on 
various substrates, thus transferring microscopic qualities to the 
macroscopic scale.[18,25] Surface hydroxy groups play an important 
role in these reactions because they allow the attachment of silane 
coupling agents to the base of ZL. [15,26]  These regions bear the 
channel entrances and are the interface with the outside world: they 
control the leakage and entrance of guests and determine the 
composition, stability, and toxicity of the material. Stopcock (or 
stopper) molecules consisting of a trialkoxysilyl group, too large to 
pass through the 0.72 nm wide opening of the channel, and a tail 
group can be attached to ZL with covalent bonds. Some of the 
alkoxysilane may also adsorb onto the outer cylindrical surface, the 
amount depending on the reaction conditions. Condensation takes 
place in solvents containing a quantity of trialkoxysilane sufficient to 

block the number of channel openings within the dispersed ZL 
particles. In the first step, the positively charged tail group of the 
stopcock enters the negatively charged channel by exchanging a 
charge-compensating cation in an equilibrium reaction. The driving 
force is trivial ion-exchange free enthalpy resulting from the high 
concentration of exchangeable K+ ions in the channel (3.6 per 
unit cell), while the cations in the solvent are (R’O)3SiR+. 
Siloxane bonds with the OH groups of ZL are formed in the next step 
(usually undertaken in a solvent under reflux). This process endows 
the modified composite with chemical, photochemical, and thermal 
stability and is important in the realization of ZL-based 
multicomponent nanostructures.[4,25-26]  It is, however, very difficult 
to determine experimentally the number of siloxane bonds 
formed in the condensation reactions, the sites where 
condensation occurs (Si or Al), and if more than one stopcock 
can be attached at the same entrance. To answer these 
questions, we selected two cationic moieties, AETES+ (2-
aminoethyltriethoxysilane) and IMZ+ (N-ethyl-N ′ -
butylimidazolium trimethoxysilane; Scheme 1) ), as stopcocks 
with small and bulky tail groups. Using these molecules we 
employed first-principles calculations to investigate the 
interactions of the positively charged tail groups inside the ZL 
channels, the binding sites, the relative stability of mono-, bi-, 
and tripod binding, the space-filling properties of the attached 
stopcocks, and the functionalization of the stopcocks by cross-
linking. 

 

Scheme 1. Structure of AETES + (2-aminoethyltriethoxysilane) and of IMZ + 
(N-ethyl- N′-butylimidazolium trimethoxysilane). 

As we aim to understand the interaction of the tail-group moiety 
with the channel entrance, we chose a computational method 
suitable for modeling inorganic–organic systems, including dye–
ZL composites.[27,28] We optimized the “bottom of the barrel” 
surface at the channel entrance, which shows 12 Al-OH/Si-OH 
groups which should be prone to condensation (see Supporting 
Information Stopcock–ZL models were built by adding water 
(which is always present during ZL modification experiments, 
sometimes even in large amounts) and replacing a K+  with the 
stopcock. ion with the stopcock. We begin by discussing the 
structure of the AETES+-ZL system before condensation (Pre; 
Figure 1a). ). In this structure, the siloxane head group of the 
AETES+ molecule is outside the entrance and partially obstructs 
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the channel. With an ethoxy group close to a ZL hydroxy moiety 
and the tail group protruding inside, the stopcock is correctly 
oriented for condensation. Close contact of the tail group with an 
Al-O-Si bridge of the inner surface (Table 1) suggests that 
hydrogen bonding (H-bond) and electrostatic interactions orient 
the stopcock in a geometry suitable for condensation. 

 

Figure 1.  The ZL–AETES+ systems showing the side (left) and bottom (right) 

views. A) Pre (before bond formation), B) Mpod-Al (monopodal bond formation 

to Al, one covalent bond), and C) Bipod (bipodal bond formation to Si and Al, 

two covalent bonds). For clarity, only the T atoms of the ZL framework (T=Si, 

Al), the ZL hydroxy groups, and the stopcock are shown. Atom colors: Si=gray, 

Al=green, O=red, H=white, C=cyan, N=blue. The bonds after condensation 

are shown in yellow.    

 To unravel the structure of functionalized ZL, we first 
attached AETES+ to an Al or a Si site at the channel entrance by 
a covalent bond, obtaining a stable molecule (ethanol) and a 
monopodal AETES+–ZL adduct (adducts denoted Mpod-Al and 
Mpod-Si, respectively). The data in Table 1 shows that 
condensation leads to a significant stabilization of the structures. 
Additionally, the greater relative stability of Mpod-Al indicates 
that the Al-OH moieties are favored modification sites. In this 

adduct (Figure 1), the AETES+ tail group forms hydrogen bonds 
with the ZL inner surface and the siloxane head group is 
hydrogen bonded to the channel opening. Thus, the system is 
characterized by both strong (covalent) and weak (hydrogen-
bonding) interactions. A stabilizing hydrogen-bond network is 
also formed by water and ZL hydroxy groups at the channel 
entrance (see the Supporting Information). 

 

Table 1.  Geometrical parameters and stabilization energies ∆E.  

Model d(Si-OT) 
(Å) 

α(Si-O-T) 

(°) 
d(H-bond) [a] 

(Å) 
∆E 

(kcal mol-1) 

AETES+-ZL·2H2O     

Pre - - 1.682 (S→Z) -13.5 

Mpod-Al 1.634 (T=Al) 126.9 1.635 (S→Z) 
1.744 (Z→S) 
1.929 (S→Z) 

-18.1 

Mpod-Si 1.657 (T=Si) 127.0 1.566 (S→Z) 
1.816 (S→Z) 

-15.0 

Bipod 1.643 (T=Al) 
1.659 (T=Si) 

115.0 
119.0 

1.547 (S→Z) 
1.799 (Z→S) 
1.987 (S→Z) 

-17.1 

IMZ+-ZL·2H2O 1.633 (T=Al) 128.6 1.746 (Z→S) 
1.827 (Z→S) 

-1.8 

IMZ+-ZL·4H2O 1.633 (T=Al) 128.1 1.747 (Z→S) 
1.938 (Z→S) 

-16.1 

[a] (S→Z): stopcock protons - framework oxygens hydrogen bonds, (Z→S): ZL 
hydroxyl protons - stopcock oxygens hydrogen bonds 

 

To study hydration effects, we added two H2O molecules to 
the Mpod-Al system. Energy minimization of the structure 
positioned the water molecules close to the AETES+ tail group 
and to a ZL oxygen atom. The ∆E value changed from −18.1 to 
−23.1 kcal mol−1, indicating that a higher degree of hydration 
stabilizes the modified ZL materials (see Table S1 in the 
Supporting Information). 

Bipodally attached stopcocks have been postulated to 
explain the observed blockage of the ZL channels, but no 
evidence has been put forward.[7,15] We address this question by 
modeling the bipodal AETES+–ZL system, which shows a ring 
formed by three T atoms (where T indicates ZL tetrahedral sites, 
corresponding to Al or Si atoms) joined by three oxygen bridges 
(3T ring), as shown in Figure 1c. The tail group is hydrogen 
bonded to a ZL oxygen atom indicating that noncovalent 
interactions stabilize the bipodal adduct. This adduct also 
features a strained geometrical arrangement (specifically the 3T 
ring; the strained structure is probably detectable by employing 
single-crystal Raman spectroscopy [29]). Larger rings, as well as 
tripodal binding, are ruled out upon consideration of the O O 
separation in AETES+(2.63 Å): although the distance between 
neighboring ZL sites is appropriate (2.66 Å), the nearest-
neighbor distance (>5 Å) is too large.  
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To model complete sealing of the ZL openings, we 
attached a second AETES+ molecule to Mpod-Al and increased 
the water content (from two to four molecules) to obtain stable 
bifunctionalized systems. In the most stable structure (∆E=−13.3 
kcal mol−1), both AETES+ molecules are bound at Al sites 
(Figure 2). Two H2O molecules lie between the tail groups, 
whereas the other water molecules participate the hydrogen-
bond network at the channel entrance (see the Supporting 
Information). A similar arrangement was found by attachment of 
the second AETES+ molecule to a Si site (∆E=-12.0 kcal mol-1). 
These results indicate that modifications of ZL with two AETES+ 
per channel opening are possible but lead to structures where 
the positively charged tail groups are in close contact with each 
other and need further hydration to be stabilized. 

 

Figure 2.  Side (left) and bottom (right) views of ZL functionalized with two 
AETES+ molecules. 

 

Figure 3.  Side (left) and bottom (right) views of the IMZ+-ZL adduct  

As a representative of a stopcock with a bulky tail group 
we chose the IMZ+ cation, which has been successfully used in 
several applications,[2,4] and modeled the IMZ+-ZL system 
(Figure 3). Covalent binding of the siloxane head group with ZL 
hydroxy groups follows the same process as that discussed for 
AETES+; however, the tail group, now well inside the channel, is 

not engaged in hydrogen bonds. With two H2O molecules, the 
IMZ+-ZL adduct is less stable than Mpod-Al, while with four H2O 
molecules molecules the stability of the system was 
considerably enhanced (Table 1). The new water molecules are 
hydrogen bonded with the inner surface of the channel and are 
close to the positively charged tail group, thus stabilizing the 
adduct through hydrogen bonding and electrostatic interactions. 

We next discuss the space-filling properties of the models. 
In contrast to AETES+, the IMZ+ tail group occupies a larger 
proportion of the channel entrance and extends far inside the 
channel (Figure 3). Therefore, it can be considered that IMZ+ 
acts like a cork on a bottle: it seals the ZL channel from the 
inside. Connolly surface representations [30] of the models are 
particularly informative (Figure 4): upon bonding of IMZ+, the 
channel entrance is completely blocked. The same is observed if 
two AETES+ molecules are attached. Only small molecules such 
as water or ethanol may enter and no further stopcock can be 
attached. Nevertheless, Nevertheless, the ability of guest 
molecules to access the channel interior is strongly diminished 
even with one AETES+ molecule attached. The Connolly 
surfaces of two dyes used in ZL composites (see the Supporting 
Information) show that these molecules have cross-sections 
close in size to the diameter of the channel opening and cannot 
pass through functionalized ZL channel entrances even if the 
blockage is only partial, as in Mpod-Al. 

 

 

Figure 4.  Connolly surfaces (shown as white dots) of: A) unmodified ZL, B) 
Mpod-Al, C) two AETES+ molecules attached to ZL, and D) IMZ+–ZL. All 
atoms are shown as stick models. 
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Figure 5.  Side (left) and bottom (right) views of cross-linked ZL model 

In addition to condensation with distinct OH sites, two 
AETES+ molecules may also undergo cross-condensation 
processes. We modeled the cross-linking of a neutral AETES to 
an AETES+-functionalized ZL and obtained a stable adduct 
(Figure 5). Clearly, modification of the ZL by cross-linking leads 
to a more effective closure of the channel entrance with respect 
to Mpod-Al. Whereas the NH3

+ tail group of the bound stopcock 
enters the channel, the R-NH2 group of the linker stays outside. 
In this geometry, the linker may undergo secondary 
condensation reactions, for example, with other molecules, 
nanostructures, or solid supports. Hydrogen bonds within this 
system are weaker than in Mpod-Al and water plays a key role 
for stability. Although two H2O molecules were not sufficient to 
stabilize the cross-linked model (∆E=+4.4 kcal mol−1), with four 
H2O molecules a stabilization of −20.5 kcal mol−1 was calculated. 

To address the lack of available microscopic structural 
information on the site-specific functionalization of ZL, herein we 
showed how stopper molecules irreversibly modify ZL by 
condensing with OH groups at the channel entrance. Stoppers 
with small tail groups behave as partially opened lids and full 
closure may be achieved by double condensation. On the other 
hand bulky tail groups seal the entrance like a cork. The 
importance of stabilization of the systems by hydrogen bonding 
is highlighted, which explains why water is needed in 
modification experiments. In this study, new light is shed on the 
process by which the channels in a nanoporous system may be 
blocked: a method heavily exploited to create new materials but 
never captured at the molecular level. By revealing structural 
information on this process, this work contributes to the 
fundamental understanding of an important research topic.  
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