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ABSTRACT 
 

 

Pillar[n]arene-based Porous and Smart Materials 

Laila Elizabeth Khalil Cruz 

 

Pillar[n]arenes are a class of macrocycles with outstanding properties given by its 

electron rich and symmetric cavity, and facile functionalization that allows to tune its 

solubility and host-guest properties.  

In this work, the versatility of pillar[n]arenes for the design of porous materials is studied. 

Pillar[n]arenes are stable to guest removal, giving solvent-free phases and thus resulting 

in permanent porous structures. From simple ethyl pillar[5,6]arenes, nonporous adaptive 

crystals are obtained and studied for the recognition and separation of butanol isomers. 

The cavity size of the pillar[n]arene hosts and the linear or branched characteristic of the 

butanol isomers influences the assembly of the pillararene to selectively adsorb an 

isomer. 

 Then, an A1/A2 benzaldehyde-functionalized pillar[5]arene is used as a building block 

for the synthesis of an imine porous organic cage, which would result in material with 

intrinsic and extrinsic porosity.  

Finally, a lipoic acid modified pillar[5]arene is implemented as ligand for nanoclusters, 

improving their stability. Taking advantage of the cavity of the pillar[5]arene, a host-

guest complex is formed, enhancing the optical properties of nanoclusters. 
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Chapter 1: Introduction and organization of the dissertation 

 
Supramolecular chemistry, as a multidisciplinary science, bridges the vast physical, 

chemical, and biological worlds.1,2 A series of discrete molecular hosts have been 

elaborately designed and applied for guest recognition and nanomaterials design 

including cyclodextrin, calix[n]arene, cucurbit[n]uril, and, more recently, pillar[n]arene 

(PA). Due to their versatile host–guest properties and self-assembly into supramolecular 

architectures via noncovalent interactions, these hosts play a vital role in the fields of 

polymer chemistry,3,4 materials chemistry,5 nanotechnology,6 artificial molecular 

machines,7 and artificial ion channels,8 etc. 

 

1.1 Pillar[n]arenes 

A symmetrical pillar-shaped macrocycle, PA, was developed by Ogoshi in 2008, 

composed of p-dimethoxybenzene units linked by methylene bridges in the para-

position.9 PAs symmetry, repeating units and functionalization in both rims, makes them 

comparable to cucurbit[n]uril, calix[n]arene and cyclodextrin, respectively.10 However, 

PAs planar chirality, rigid symmetrical pillar architecture and versatile functionalization 

that leads to tunable solubility and host-guest properties, have endowed PAs as key 

players in the design of porous materials.11 Owing their electron rich cavity, PAs can 

complex with molecules bearing cationic or electron withdrawing groups and can be 

tuned into a more electron deficient cavity by the introduction of positively charged 

moieties, diversifying the complexation possibilities to anionic and electron rich guests, 

providing them with unique binding properties and responsiveness external stimuli. 
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Moreover, PAs are stable to guest removal, giving solvent-free phases, resulting in 

permanent porous structures. These features allow PAs to encapsulate a wide variety of 

guests and complex with metal ions, providing a versatile platform for the construction of 

PA-based supramolecular nanomaterials that can be implemented in a variety of 

applications ranging from sensing, detection, separation, and catalysis to drug delivery, 

imaging, and ion transport.10  

The main aim of this dissertation is to contribute to the knowledge of the design of PA-

based porous materials, from simple PAs as porous crystals for adsorption and separation, 

to functionalized PAs for the design of a porous organic cage with intrinsic and extrinsic 

porosity, and as stabilizing ligands for nanoclusters.  

1.1.1 Host-guest properties of PAs 

The electron-rich cavity of PAs is suitable for the complexation with electron-deficient 

guests such as pyridinium and viologen derivatives, as well as linear alkanes, via -, 

CH- and hydrogen bonding interactions. Besides, the electron-donating nature of 

dialkoxybenzene moieties of PAs allow the formation of host-guest complexes with 

electron-accepting molecules through charge-transfer and cation- interactions. 

Furthermore, the introduction of substituents on PAs can tune its complexation and 

solubility. For example, bulky groups like isobutyl decrease the electron density of PAs 

cavity and thus its ability to form cation- interactions, while hydrophilic moieties make 

them water soluble, allowing the encapsulation of hydrophobic guests by virtue of 

hydrophobic interactions with the cavity of PAs.10  
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1.1.2 Synthesis and functionalization methods 

Pillar[5]arene (P[5]A) was first obtained from the condensation between p-

dimethoxybenzene and paraformaldehyde, catalyzed by the Lewis acid boron trifluoride 

diethyl ether (BF3·O(C2H5)2) (Scheme 1.1).9 Since then, a vast variety of functionalized 

PAs have been reported, achieved mainly by two general synthetic strategies. 

 

Scheme 1.1. General synthesis of permethylated P[5]A 
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One approach is the deprotection of PAs methoxy units. Ogoshi first reported the 

synthesis of monohydroxylated P[5]A using boron tribromide (BBr3) with a 22% yield,12 

which was further optimized by Cao and Stoddart.13,14 Another method is the oxidation 

followed by reduction, which unlike deprotection with BBr3, allows the selective 

obtention of dehydroxylated P[5]A at the A1/A2 positions (Scheme 1.2). 15,16 

 

Scheme 1.2. Deprotection strategy for the functionalization of pillar[5]arenes 

 

The second approach is cocyclization, which allows the obtention of mono- to tetra-

functionalized P[5]As. Depending on the desired number of functional groups, this can be 

achieved by using an asymmetric dialkoxybenzene monomer that contains the desired 

functional group, or by performing the cyclization using a 1,4-dialkoxybenzene with two 

bromide or alkyne moieties (Scheme 1.3).17–19  
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Scheme 1.3. Cocyclization approach for the mono- and deca-functionalization of pillar[5]arenes 

 

1.2 Dissertation outline 

The main aim of this dissertation is to contribute to the knowledge of the design of PA-

based porous materials, from simple PAs as porous crystals for adsorption and separation, 

to functionalized PAs for the design of a porous organic cage with intrinsic and extrinsic 

porosity, and as stabilizing ligands for nanoclusters.  

This dissertation is divided in 6 chapters, beginning with the introduction and dissertation 

contents in the current chapter. Chapter 2 provides an overview on the design of PA-

based porous materials.20 Chapter 3 introduces the use of non-functionalized 

pillar[5,6]arenes (P[5,6]As) as non-porous adaptive crystals for the separation of alcohol 

isomers. Chapter 4 presents the use of a dibenzaldehyde-P5A as a building block for the 
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construction of a porous organic cage. Chapter 5 describes a lipoic acid functionalized 

pillar[5]arene as ligand for silver nanoclusters.21 Chapter 6 summarizes the findings and 

conclusions from the work presented herein and suggestions for future work.  
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Chapter 2: Pillar[n]arene as porous materials 

 

2.1 Design and construction strategies of pillar[n]arene-based porous materials 

The symmetric and intrinsic pore provided by PAs cavity, in addition to their facile 

functionalization, has proven advantageous on the design and synthesis of versatile PAs 

and PA-based nanomaterials. The introduction of chelating groups to the PA scaffold can 

be done via cocyclization of two different 1,4-dialkoxybenzene monomers or by 

postfunctionalization of presynthesized PAs.10 A vast variety of PA derivatives have been 

used to modify the surfaces of nanomaterials in which they act as ligands inhibiting 

nanomaterials aggregation by virtue of their rigid pillar structure and metal ion 

coordination, π–π stacking, cation-π, CH-π, and electrostatic interactions, assisted by the 

chelating groups and the oxygen atoms of the methoxy groups; and as electron rich hosts 

(Scheme 2.1). Depending on the functional groups on the PA, they can be implemented 

as reducing and/or stabilizing agents, and specific metal receptors, while enhancing the 

properties of the nanomaterials as a result of self-assembly, host–guest inclusion 

complexes, and unique selectivity.22 
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Scheme 2.1. Structures of PAs Used as Ligands for Nanomaterials Functionalization 

 

Moving toward green synthesis of gold nanoparticles, hydroxylatopillar[−]arene 

derivatives (1–3, Scheme 2.1) have been reported as both reducing and stabilizing agents 

of gold nanoparticles (AuNPs). In this alkaline process, sodium hydroxide assists the 

formation of Au(OH)4– complex, promoting the redox reaction with the hydroxy groups 

of 1–3, resulting in the synthesis of 1–3@AuNP with an average size of 5–6 nm and the 

oxidation of 1–3 to the carboxylic form.23–25 More recently, a leaning pillar[6]arene, 

containing eight carboxylate groups 4 (Scheme 2.1), reduced and stabilized the 

hydrothermal synthesis of AuNP. However, due to the lower quantity of stabilizing 

ligands, bigger nanoparticles of ∼11 nm were obtained.26  

PAs have also been used as mere stabilizing agents. Analogous to cetrimonium bromide 

(CTAB), a pillar[5]arene bearing quaternary ammonium groups, 5 (Scheme 2.1), has 

been used as a stabilizer of AuNPs, limiting their nucleation by the formation of ion-pair 
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interactions, thus allowing the synthesis of small polydisperse nanoparticles.27,28 Other 

examples are carboxypillar[n]arene salts 6 and 7 (Scheme 2.1), which stabilize the 

formation of spherical gold, silver, and CuS nanoparticles.29–32 In the case of nanoclusters 

(NCs), thiolated ligands have been broadly utilized in its synthesis.33,34 The introduction 

of PA ligands can be done through direct synthesis during the preparation of NCs (8; 

Scheme 2.1) or in a postmodification method, by covalently attaching them to the other 

ligands (9; Scheme 2.1).21,35 

In addition to metals, carbon-based nanostructures have also been functionalized with 

PAs via two methods. The first one consists of loading PA (5, 10, and 12; Scheme 2.1) or 

PA–NP (1–3) into a nanomaterial, typically in the form of nanosheets, by mixing aqueous 

dispersions at room temperature and recovering the modified nanocomposite by 

centrifugation.24,25,36–41 In the second method, the PA-modified nanomaterial is 

synthesized in a one-step hydrothermal synthesis (11; Scheme 2).42 In both cases, the PAs 

are anchored on the surface of the nanomaterial by π–π interactions, and PA–NP can be 

further stabilized via coordination bonds of the metallic NP with the nanomaterial. As a 

result of the PA modification, the hydrophilicity of the nanocomposites is enhanced, 

which is desired in applications such as electrochemical sensing and drug delivery. 

PA–smart drug delivery systems (DDS) have been developed through the 

functionalization of porous materials and nanoparticles. For instance, mesoporous silica 

nanoparticles (MSNs) have been grafted with PAs via the electrostatic interactions 

between PAs (5, 6, 12, and 13; Scheme 2.1) and the siloxy groups of MSNs,43–48 while 

upconversion nanoparticles can be modified with PAs (13, 14, and 15; Scheme 2.1) via a 
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ligand exchange method and iron oxide NP by EDC coupling (Scheme 2.1).48–50 Another 

strategy depends on host–guest complexation between nanomaterials ligands and PAs (7, 

15, and 16; Scheme 2.1). Following this method, MSNs,48 CeO2 nanorods,51  and a 

zeolitic imidazole framework (ZIF),52 were easily modified. 

Moreover, the rigid pillar backbone of PAs and its assembly in tubular structures have 

inspired its implementation in the development of artificial transmembrane channels for 

ion, water, and protein transport.53 Generally, PAs are functionalized with other 

macrocycles, peptide chains or other moieties, via click reactions or cabodiimide cross-

linking to study the overall effect on the performance of the synthetic ion channels.54–65  

2.2 Applications of Pillar[n]arene-Functionalized Nanomaterials 

2.2.1 Sensing 

2.2.1.1 Electrochemical Sensing  

Tan et al. reported for the first time a hybrid material consisting of 7@AgNP on the 

surface of a 2D Covalent Organic Framework (COF) (COF1). PA 7 acted as a stabilizing 

agent and prevented the aggregation of AgNP, obtaining an average size of 6–7 nm. 

COF1 was synthesized by imine condensation of triformylphloroglucinol (Tp) and 

paraphenylamine (Pa) and dispersed in deionized water with 7@AgNP to obtain the 

composite material 7@AgNP–COF1, which displayed remarkable thermostability and an 

average silver loading of 5–6 wt %. Taking advantage of the composite porosity, Ag 

catalytic properties, and 7 recognition of paraquat (PQ), glassy carbon electrodes (GCEs) 

were modified with 7@AgNP-COF1 for PQ electrochemical detection, achieving better 

sensitivity and lower limit of detection in comparison to other sensing methods (Figure 
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2.1a).31 Later on, the same group assembled 2@AuNP on the surface of COF1 

functionalized with cationic pillar[6]arene 17, obtaining the composite 

2@Au@17@COF1. The hybrid material was implemented as an electrochemical sensor 

of sodium picrate (SP). The presence of pillar[6]arenes 2 and 17 promoted SP recognition 

by the formation of a pseudorotaxane-like complex in addition to π–π, hydrophobic, and 

electrostatic interactions (Figure 2.1b). A lower limit of detection of 0.0017 μM was 

obtained in comparison to other methods, with good selectivity in the presence of a high 

concentration of SP analogues.24  

 

Figure 2.1. (a) Schematic illustration of the functionalization of COF with pillar[6]arene–silver 

nanoparticles (7@AgNP) and its implementation as electrochemical sensors for paraquat (PQ). 

Reprinted with permission from ref 20. Copyright 2021 American Chemical Society. (b) 

Illustration of COF loaded with pillar[6]arene–gold nanoparticles (2@AuNP) for the 

electrochemical sensing of sodium picrate (SP). Reprinted with permission from ref 20. 

Copyright 2021 American Chemical Society. 
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Yang’s group was the first to report nitrogen-doped carbon quantum dots (N-CQDs) 

functionalized with 5 via π–π interactions, with a size of approximately 2 nm. 5@N-

CQDs were used to develop a trinitrotoluene (TNT) electrochemical sensor. When 5@N-

CQDs/GCE was used, three reduction peaks were observed, corresponding to the 

reduction of each TNT nitro group. Besides, to assess 5 recognition ability, β-CD@N-

CQDs/GCE were also prepared, observing a higher current response for TNT with 5@N-

CQDs/GCE. This is in concordance with the computational simulations, which suggest a 

more stable TNT host–guest complex with 5, given the higher energy interactions.36 

More recently, to overcome a common issue of thionin (Thi) leaking (electron transfer 

medium) in immunosensors, they took advantage of the Thi strong host–guest complex 

with 3. To further enhance the electrochemical detection of HE4 (an ovarian biomarker), 

a composite material (3@AuNP-Co3O4@N-CQDs) with Co3O4@N-CQDs was prepared, 

which was driven by π–π interactions between 3@AuNP and the quantum dots (Figure 

2.2). Since AuNP and Co3O4@N-CQDs improve electron transfer and the absorption of 

ferricyanide ions, and the presence of 3 provides a greater recognition system, a lower 

limit of detection and enhanced selectivity were achieved.25  
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Figure 2.2. Schematic illustration of the electrochemical immunosensor 3@AuNP–Co3O4@N-

CQDs preparation for ovarian biomarker detection. Reprinted with permission from ref 20. 

Copyright 2021 American Chemical Society. 

 

Similarly, Tan et al. reported a p-dinitrobenzene (p-DNB) sensor consisting of a hybrid 

nanomaterial (1@AuNP–11@MoS2). MoS2 was chosen given its high electrocatalytic 

activity and conductivity, and was modified with cationic P5A 11, improving its water 

dispersibility and stability for up to 3 months. To further enhance the sensitivity toward 

p-DNB, 11@MoS2 nanosheets were decorated with 1@AuNP of ∼10 nm, as observed by 

TEM micrographs. To assess the importance of gold nanoparticles, GCE was modified 

with MoS2, 11@MoS2, and 1@AuNP–11@MoS2, observing a higher current response 

for the later one, due to the superior catalytic activity of AuNP and the host–guest 

interactions of 1 and 11 with p-DNB (Figure 2.3a). The electrochemical sensor 

1@AuNP–11@MoS2 displayed good selectivity toward p-DNB in the presence of 40-

times higher concentration analogues, achieving a limit of detection of 0.005 μM.42  
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Figure 2.3. (a) Illustration of 1@AuNP–11@MoS2 sensor for p-DNB. DPV curves of modified 

GCE in the presence of p-DNB: (b) bare GCE, (c) MoS2/GCE, (d) 11@MoS2/GCE, (e) 

1@AuNP–11@MoS2/GCE; (a) 1@AuNP–11@MoS2/GCE without p-DNB. Reprinted with 

permission from ref 20. Copyright 2021 American Chemical Society. (b) Representation of 

AuNP@1@SWCNT synthesis for p-DNB sensing. DPV curves of modified GCE in the presence 

of p-DNB: (b) bare GCE, (c) SWCNT/GCE, (d) 1@SWCNT/GCE, (e) 

AuNP@1@SWCNT/GCE; (a) AuNP@1@SWCNT/GCE without p-DNB. Reprinted with 

permission from ref 20. Copyright 2021 American Chemical Society. 
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Guo’s group developed single-walled carbon nanotubes (SWCNT) functionalized with 10 

and AgNP as a versatile platform for PQ electrochemical sensing, and reduction of p-

nitrophenol (p-NP) and methylene blue (MB) degradation. PA 10 was loaded into 

SWCNT by π-π interactions, corresponding to 51% of 10@SWCNT weight, which was 

confirmed by UV-Vis, with a peak at 280 nm corresponding to 10. Then, AgNP were 

synthesized in situ, where 10@SWCNT stabilized them via O-Ag coordination, obtaining 

AgNP@10@SWCNT. GCE were modified with AgNP@10@SWCNT for PQ sensing, 

noticing four redox peaks with higher intensity in comparison to the GCE modified with 

SWCNT or 10@SWCNT, attributed to AgNP catalytic activity and the electrostatic and 

hydrophobic interactions between 10 and PQ. Moreover, AgNP@10@SWCNT displayed 

selectivity towards PQ in the presence of interferents and achieved a limit of detection of 

0.027 μM.38 Later on, they constructed a p-DNB sensor, AuNP@1@SWCNT, by 

modifying SWCNT with 1 and then loading Au NP in situ. In comparison with bare GCE 

and SWCNT/GCE, the peak current observed using AuNP@1@SWCNT/GCE was 

higher (Figure 2.3b). This is attributed to the inclusion complex formed between 1 and p-

DNB, in addition to Au NP catalytic activity. The detection limit was determined to be 

0.043 μM, while Tan’s system 1@AuNP-11@MoS2 achieved an LOD of 0.005 μM. This 

could be attributed to the presence of 1 and 11 in Tan’s sensor, which increases the 

capability for p-DNB sensing.37,42  

Hou and co-workers developed an electrochemical sensor (1@AuNP@ERGO) for 

methyl parathion (MP) based on modified GCE with 1@AuNP and electrochemical 

reduced graphene oxide (ERGO), which was chosen due to its high conductivity, surface 

area and charge mobility (Figure 2.4a). The composite formation is mediated by π-π 
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interactions between 1@AuNP and ERGO, with a surface area of 0.184 cm2.  

Interestingly, it was found that since MP electrochemical reduction involves proton 

transfer, the pH of the solution varies, affecting the peak current. The maximum of the 

reduction peak was at pH 6, in correlation with MP stability in weak acidic media, while 

at higher pH, the reduction peak decreases due to MP decomposition into p-NP (Figure 

2.4b). In addition, the LOD for this sensor is 0.001 μM, which is lower than other 

reported electrochemical sensors; it also displayed good selectivity in the presence of MP 

analogues (Figure 2.4c) and high recovery rates from actual water samples.66  

 

Figure 2.4. (a) Illustration of 1@AuNP@ERGO sensor for MP. (b) Cyclic voltammetry of 

1@AuNP@ERGO in the presence of MP at different pH (4.5-7 with increments of 0.5). (c) MP 

selectivity analysis in the presence of interfering compounds. Reprinted with permission from ref 

20. Copyright 2021 American Chemical Society. 
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2.2.1.1 Fluorescence and Colorimetric Sensing 

A fluorescent PQ sensor (12@RGO) was developed by grafting a water soluble 

phosphate pillar[5]arene 12 on the surface of the reduced graphene oxide (RGO) via π-π 

interactions. The strategy depends on a competitive fluorescent indicator, where the dye 

safranine T (ST) was encapsulated (quenched) inside the cavity of 12 and consequently 

displaced upon PQ addition. Furthermore, the addition of PQ analogues did not interfere 

with the fluorescence signal and the system was tested in water with good PQ 

recovery.3939 

Yang, Du and co-workers studied the self-assembly of 1@AuNP into different 

nanostructures without the presence of a guest. They changed [1]/[HAuCl4] molar ratio 

from 0.5 to 5, observing monodispersed NPs (0.5), vesicles (1.0), 1D and 2D 

nanostructures (2.5), and nanotubes (5.0) (Figure 2.5a). The self-assembly was attributed 

to the increasing amount of 1 and its electronegative character given the oxidized 

carboxylic groups in the alkaline solution. Taking advantage of 1 encapsulation of 

rhodamine B (RhB), they used 1@AuNP as a fluorescence resonance energy transfer 

(FRET) sensor. When the inclusion complex 1@AuNP-RhB is formed, the fluorescence 

is quenched as a result of the energy transfer between RhB and AuNP. Once PQ is added, 

the fluorescence is recovered via the competitive displacement of RhB from the cavity of 

1 (Figure 2.5b), which is also confirmed by NMR studies.23 Similarly, 5@AuNP were 

used for the competitive fluorescent sensing of L-cartinine (L-C). Rhodamine 123 (R123) 

was the dye indicator and its fluorescence was quenched upon complexation with 5 by 

FRET with AuNP (Figure 2.5c). Once L-C was gradually added, R123 was displaced 
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from 5, increasing the fluorescence signal (Figure 2.5d). The system was tested in serum 

and milk samples, effectively detecting L-C with a limit of detection (LOD) of 0.067 μM, 

lower than other methods.28  

 

Figure 2.5. (a) Self-assembly of 1@AuNP into different structures depending on [1]/[HAuCl4] 

ratio. (b) 1@AuNP fluorescence sensing over increasing paraquat (PQ) concentrations. Reprinted 

with permission from ref 20. Copyright 2021 American Chemical Society. (c) Representation of 

5@AuNP fluorescence sensing of L-cartinine (L-C). (d) Fluorescence spectra of 5@AuNP for 

different [L-C]. Reprinted with permission from ref 20. Copyright 2021 American Chemical 

Society. 
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A supramolecular tandem strategy, consisting on bis(p-calixarene) (BSC4A) and 6 

functionalized AuNP, was implemented for the colorimetric sensing of succinylcholine 

(SuCh) and butyrylcholinesterase (BChE) (Figure 2.6a). The BSC4A@AuNP and 

6@AuNP displayed good stability and dispersion, with a size of ~5nm. The presence of 

SuCh was found to induce aggregation through complexation of its quaternary 

ammonium moieties with the cavities of the hosts (Figure 2.6b), but they did not 

assemble in the presence of choline (Ch) (Figure 2.6c). This resulted in optical changes, 

visible to the naked eye from red color to blue, indicating the formation of SuCh-

BSC4A@AuNP and SuCh-6@AuNP (Figure 2.6d). Furthermore, the hydrolysis of SuCh 

by BChE promoted disassembly of the aggregates, providing a dual and reversible 

sensing platform to assess BChE activity.30 Pillar[5]arene-modified gold nanoparticles 

1@AuNP, have also been implemented as colorimetric sensors for spermine (Sp) (Figure 

2.6e). The electrostatic interactions between 1 and the two amino groups at the ends of Sp 

induce aggregation of 1@AuNP, as observed by TEM (Figure 2.6f and Figure 2.6g) the 

decrease of absorption at 520 nm and the color change from red wine to black with 

increasing concentrations of Sp (Figure 2.6h).67  
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Figure 2.6. (a) Schematic illustration of the supramolecular assembly for the colorimetric sensing 

of succinylcholine (SuCh) and butyrylcholinesterase (BChE). TEM of (b) assembled SuCh-

BSC4@AuNP, and (c) dispersed Ch-BSC4@AuNP. (d) 6@AuNP solutions in the presence of 0-

30 μm SuCh. Reprinted with permission from ref 20. Copyright 2021 American Chemical 

Society. (e) Representation of 1@AuNP for colorimetric sensing of spermine (Sp) by induced 

aggregation. TEM of (f) 1@AuNP, and (g) Aggregates of Sp-1@AuNP. (h) 1@AuNP solution in 

the presence of 0.1-6 μM of Sp. Reprinted with permission from ref 20. Copyright 2021 

American Chemical Society. 

 

2.2.2 Catalysis 

Methylene blue (MB) is a well-known water pollutant while p-nitrophenol (p-NP) is an 

explosive, where many studies were dedicated for its removal and degradation. 

Supramolecular chemistry has emerged as an interesting and environmentally friendly 

approach, and in particular the use of pillar[n]arene-hybrid nanomaterials. 1@AuNP, 5 

nm in size, were studied as catalysts for p-NP reduction in the presence of NaBH4. The 

reaction was monitored by time dependent UV-Vis, where the optical changes indicated 
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p-NP (absorption at 317 nm) reduction pathway to p-aminophenol (p-AP) (absorption at 

300 nm) by the formation of p-nitrophenolate ion (absorption at 400 nm, Figure 2.7a). In 

comparison to commercial Pd/C, 1@AuNP exhibited rate constants of about 6 times 

higher (Figure 2.7b) due to the positively charged 1@AuNP surface that facilitates the 

interaction with the reaction intermediates.23 In another work, 1@AuNP were synthesized 

in the presence of graphdiyne (GD) at basic pH and room temperature, limiting Au 

growth to 2-3 nm (Figure 2.7c). The catalytic reduction of p-NP proceeded in a similar 

fashion to the one reported by Du et al.,23 but a slightly higher constant rate of 0.0069 s-1 

was obtained (Figure 2.7d). The fastest p-NP degradation could be ascribed to the smaller 

size of 1@AuNP and the porous coordination environment provided by GD.40  

 

Figure 2.7. (a) Time-dependent UV-vis absorption spectra of the catalytic reduction of p-NP by 

1@AuNP. (b) Plots of ln[Ct/C0) as a function of reaction time for p-NP reduction. Reprinted in 

part with permission from Ref. 21. Copyright 2018 American Chemical Society. (c) 

Representation of 1@AuNP-GD. (d) Plots of ln[Ct/C0) as a function of reaction time for p-NP 

reduction. Reprinted in part with permission from Ref. 39. Copyright 2019. The Royal Society of 

Chemistry.  
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More recently, Yang and co-workers reported a hybrid material for MB adsorption and 

degradation, and p-NP reduction, consisting of loaded 3@AuNP and 2@AuNP on 

cellulose nanocrystals (CNC) by simply mixing them in basic aqueous solution at room 

temperature. After 210 s of NaBH4 addition to an MB solution in the presence of 

3/2/@AuNP-CNC, the characteristic blue color disappeared, indicating MB catalytic 

degradation, with a better performance than Pd/C.41 Besides, the catalytic reduction of p-

NP was in accordance to Du et al. report,23 and even obtained the same reaction rate of 

0.0063 s-1. This hints that the catalytic activity of 3@AuNP is not affected by being 

supported on CNC (Figure 2.8a). The AgNP@10@SWCNT developed by Guo et al. 

catalyzed p-NP reduction and MB degradation in the presence of NaBH4 with constant 

rates of 0.0095 s-1 and 0.021 s-1 respectively.38 The small size of AgNP and its 

coordination environment with the phosphate groups of 10, and the electrostatic 

interactions of 10 with PQ and MB might contribute to the faster reduction and 

degradation, and it would be interesting to compare the association constants of PQ and 

MB with 10, 1, 2 and 3. Yang and others catalyzed the hydrogenation of p-NP with 

4@AuNP (Figure 2.8b). A rate constant of 0.0026 s-1 was calculated, which is lower than 

other works (Figure 2.8c and 2.8d).26 This could be due to a less efficient electron 

transfer by 4, since there are less coordinating moieties (eight) in comparison to ten or 

twelve of other pillar[5,6]arenes. Furthermore, Tan’s 1@AuNP-11@MoS2 system acts as 

a catalyst in the presence of NaBH4, reducing p-DNB to 1,4-diaminobenzene with a rate 

constant of 0.0034 s-1.42  
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Figure 2.8. (a) Graphic representation of 3/2@AuNP-CNC assembly and their implementation for 

adsorption and catalytic degradation of methylene blue (MB), and catalytic reduction of p-

nitrophenol (p-NP). Reprinted with permission from ref 20. Copyright 2021 American Chemical 

Society. (b) Illustration of 4@AuNP catalytic hydrogenation of p-NP (c) UV-vis spectra at 

different times. (d) Plots of ln[At/A0) as a function of reaction time for p-NP reduction. Reprinted 

with permission from ref 20. Copyright 2021 American Chemical Society. 

 

2.2.3 Drug Delivery 

Supramolecular nanovalves have been designed by functionalization of mesoporous silica 

nanoparticles (MSN) with PAs, endowing them with controlled drug release in response 

to different stimuli. The simplest construction strategy is through electrostatic 

interactions between cationic pillar[n]arene and the sinolate groups formed by MSN in 

water. Ronconi et al. assembled 5 on the negatively charged surface of a MSN, MCM-41, 

and loaded it with doxorubicin (DOX) (Figure 2.9b). DOX-5@MCM-41 was responsive 
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to acidic pH, where MCM-41 becomes protonated hence releasing 5 and DOX (Figure 

2.9d). They also constructed switchable nanogates by modifying MCM-41 with 

cyanopropyl groups and then hydrolyzing them to carboxypropyl (DOX-5@MCM-41-

COOH) (Figure 2.9a).  The addition of acid protonated the carboxyl groups, disrupting 

the electrostatic interactions and releasing 5 and DOX; while NaOH deprotonated them, 

closing the nanogate and thus stopping DOX release (Figure 2.9c).43 Another approach is 

the functionalization of MSN with neutral or positive charged moieties and the use of 

negative charged pillar[n]arenes in order to promote the formation of inclusion 

complexes via electrostatic interactions and ion pairing. Huang’s group functionalized 

hollow mesoporous silica nanoparticles (HMSN) with a diamine, which formed host-

guest complexes with 13, and loaded them with DOX (13@DOX@ HMSN) (Figure 

2.9e). At neutral pH the host-guest complex remained stable, and was disassociated at 

acidic conditions, releasing DOX (Figure 2.10f). Interestingly, following DOX release, 

13@DOX@HMSN underwent degradation into small water soluble fragments, 

enhancing the biocompatibility and elimination from the body.44 In another work, MSN 

were functionalized with pyridinium (Py) or choline (Ch) moieties, forming host-guest 

complexes with 12 at neutral pH; while at acidic pH, characteristic of tumor 

microenvironment, 12 becomes protonated, decomplexing and releasing the loaded DOX. 

The system 12@MSN was also found to be responsive to the presence of Zn+2 and 

competitors such as acetylcholine, which are of interest in Alzheimer therapies (Figure 

2.10a).45  
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Figure 2.9. Schematic representation of the assembly of (a) DOX-5@MCM-41-COOH via 

interactions between COO- groups and cationic 5; and (b) DOX-5@MCM-41 by interactions of –

OSO3
- and cationic 5. DOX release profiles of (c) DOX-5@MCM-41-COOH and (d) DOX-

5@MCM-41. Reprinted with permission from ref 20. Copyright 2021 American Chemical 

Society. (e) Functionalized hollow mesoporous silica nanoparticles (HMSN) with amines and 

anionic pillar[5]arene 13 for controlled delivery of DOX. (f) DOX release profiles for 

13@DOX@HMSN and DOX@HMSN. Reprinted with permission from ref 20. Copyright 2021 

American Chemical Society. 

 

PA-based MSN nanovalves have also been embedded with AuNP, making them 

interesting DDS for photothermo-chemotherapy. In one approach, MSN were synthesized 

using tetraethyl orthosilicate (TEOS) as functional agent and CTAB as surfactant and 

templating agent, in the presence of AuNP. Given AuNP maximum absorption in the 

near-infrared region, it can trigger nanovalves (PAs) opening, releasing the encapsulated 

drug and enhancing the therapeutic efficiency by the photothermal effect (Figure 

2.10b).45 Yang’s group opted for loading 6@AuNP onto quaternary ammonium salt (Q) 
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modified MSN (Q-MSN). The negatively charged 6 complexed with Q, covering Q-MSN 

pores (6@AuNP-Q-MSN). The composite material 6@AuNP-Q-MSN was loaded with 

RhB, which was released in response to competitive binding of 6 with ethanediamine and 

heating, which weakens supramolecular interactions.46 Similarly, Jung and co-workers 

modified 6@AuNP with a fluorescent ligand (F16) and grafted them onto DOX loaded 

pyridinium-modified MSN (DOX@PMSN) for mitochondria targeting (F16-6@AuNP-

DOX@PMSN), forming core-shell-like nanoparticles (Figure 2.10c). Then, they studied 

the uptake via imaging techniques (Figure 2.10d).47  Drug delivery using nanovalves has 

been also implemented to promote plant growth. Aminopropyltriethoxysilane modified 

Fe3O4 NP (NH2-Fe3O4) were conjugated with 15 via EDC coupling, obtaining 13@ NH2-

Fe3O4. Then, PMSN were capped with 13@ NH2-Fe3O4 by host-guest interactions and 

loaded with hormones. The magnetism of 13@ NH2-Fe3O4, its pH responsiveness to 

alkaline and acidic pH, and to competitive agents like polyamines, allowed controlled 

hormone delivery.48  
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Figure 2.10. (a) Mesoporous silica nanovalves responsive to different stimuli for drug delivery, 

(b) Functionalized with gold nanoparticles for dual photothermo-chemotherapy. Reprinted with 

permission from ref 20. Copyright 2021 American Chemical Society. (c) Pyridinium-mesoporous 

silica nanoparticles (F16-6@AuNP-DOX@PMSN) for selective doxorubicin delivery to 

mitochondria of cancer cells. (d) Images of confocal laser scanning microscopy show the 

selective accumulation of doxorubicin (DOX) and F16 in mitochondria. Reprinted with 

permission from ref 20. Copyright 2021 American Chemical Society. 

 

Other smart DDS based on PA-functionalized nanomaterials include CeO2 nanorods 

modified with a trimethoxysilyl pyridine, which served as the guest to cap the nanorods 

with a galactose-pillar[5]arene 16, improving DOX delivery to cancer cells by means of 

glutathione responsiveness and better targeting ability towards cancer cells.51 Similarly, 

CuS NP were synthesized with 6 as the stabilizing ligand and a pyridinium galactose 

(PG) derivative that allowed the formation of 6@CuS-PG through electrostatic 

interactions (Figure 2.11). This system improved the liver cancer therapeutic effect by 

means of targeted photothermal and chemotherapies.32 Upconversion nanoparticles 

(UCNP) have attracted considerable attention given its optical and photothermal 
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properties, which are ideal for imaging and drug delivery. Oleate-NaYF4:Yb/Er 

nanoparticles were synthesized by a solvothermal method and then functionalized with 

water soluble pillar[5]arenes (13 and 14) via ligand exchange (PA-UCNP). The resulting 

PA-UCNP displayed good water stability and dispersibility, with an average size between 

31 and 35 nm.  They also exhibited good biocompatibility and drug delivery in response 

to pH changes, and could also be used for bioimaging purposes.49,50  

 

Figure 2.11. Pillar[5]arene 6-stabilized CuS nanoparticles modified with pyridinium galactose 

(PG) derivative and DOX for selective liver cancer chemo- and photothermal therapy. Reprinted 

with permission from ref 20. Copyright 2021 American Chemical Society. 

 

Metal organic frameworks (MOF) provide an interesting platform for the development of 

hybrid DDS. Following a layer-by-layer assembly, polypyrrole (PPy) NP were modified 

with UiO-66 MOF NP, controlling UiO-66 MOF layer thickness by varying the 
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zirconium precursor amounts. The NP were then postmodified by anchoring 17 at high 

temperatures, loaded with DOX and coated with folic acid-polythyleneimine (Fa, PEI) 

for dual chemo-photothermal cancer treatment (Figure 2.12a).68 ZIFs have shown 

remarkable properties like biocompatibility, porosity and decomposition in acidic media, 

but low water dispersibility. In order to improve this, Pei et al. loaded ZIF-8 with DOX 

and coordinated it with the carboxylic groups of 7 (DOX@ZIF-8@7). Then, 7-

pyridinium galactose inclusion complex was formed (DOX@ZIF-8@7-G), enhancing 

cancer cells selectivity. This DDS was stable at neutral pH, and was disassembled at 

lower pH, releasing DOX and showcasing very low cytotoxicity (Figure 2.12b).52  

 

Figure 2.12. (a) Modified UiO-66 MOF smart nanoparticles for targeted chemo-photothermal 

cancer treatment. Reprinted with permission from ref 20. Copyright 2021 American Chemical 

Society. (b) Supramolecular pH-responsive ZIF-8 nanomaterial for selective cancer treatment. 

Reprinted with permission from ref 20. Copyright 2021 American Chemical Society. 
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2.2.4 Artificial Ion Channels 

Synthetic ion channels with transport ability have potential applications in areas such as 

hemodialysis, signal processing and transduction devices, systemic antibiotics, and water 

desalination.69 The rigid and pillar shape of PAs, in addition to its facile 

functionalization, have made them interesting scaffolds for such application. In the 

following sections, different synthetic channels designs with PA and its influence on 

selective transport are discussed.  

2.2.4.1 Ion transport 

In 2017, Barboiu et al. reported cationic diffusion using a P5A bearing benzo-15-crown-

ether-5-ureido moieties in the A1/A2 rims 18 (Figure 2.13a), which formed dimers or 

oligomeric structures in the absence and presence of trifluoromethane sulfate salts, driven 

by hydrogen bonding between the urea groups and the anion. A series of alkali metal salts 

were studied, determining the transport activity, Hill factors and rate constants for 

transports to be in the order K+ > Rb+ > Cs+ > Na+ > Li+ (Figure 2.13b). NMR 

experiments suggest the formation of sandwich-like assemblies of K+ with the crown-

ether moieties by replacing the hydration sphere of K+, which are more stable than the 

oligomers obtained with Na+ that are equatorially coordinated and hence more 

ineffectively assembled, resulting in higher selectivity towards K+.54  Chen and others 

studied the effect of length variation of the linker between cyclodextrin (α-CD)-modified 

P5As 19 on cation transport (Figure 2.13c). The three channels showed similar membrane 

insertion capabilities and cation transport of the order K+ > Li+ > Na+ > Rb+ ≥ Cs+, with 

α-CD influencing the high K+ transport. It was observed that the shortest the linker, the 
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higher efficiency of K+ mobility and K+ selectivity, due to restricted flexibility (Figure 

2.13d). In addition, the amphiphilic nature of this system (hydrophobic P5A and 

hydrophilic α-CD) allowed its incorporation in the lipid bilayer displaying high 

stability.55  

 

Figure 2.13. (a) Structure of P5A bearing benzo-15-crown-ether-5-ureido moieties 18 with 

different linker length. (b) Rate constants of 18 for cation transport. Reprinted with permission 

from ref 20. Copyright 2021 American Chemical Society. (c) Structures of cyclodextrin-

functionalized P5A 19 and representation of the artificial channel in lipid bilayer. (d) 

Permeability ratios of channels 19a-19c. The shortest the linker, the highest K+ selectivity. 

Reprinted with permission from ref 20. Copyright 2021 American Chemical Society. 

 

 

 



54 

 

 

Chen’s group developed gramicidin (gA)-modified P5A 20a-20e channels and analyzed 

the effect of the channels length and charge status on the ion transport and antimicrobial 

activity (Figure 2.14a). Interestingly, the H+ and K+ transport activity increased 

proportionally with the length of the peptide, given that the higher amount of tryptophan 

residues increased its membrane insertion in addition to matching the thickness of the 

hydrophobic bilayer, which resulted in low haemolytic toxicity and high antimicrobial 

activity.60 Recently, they designed gA-P5A 21a-21c with neutral, positive or negative 

charged moieties (Figure 2.14b). The experimental results indicated that the charge of the 

compounds had a notable influence on their ability to incorporate into the membrane, K+ 

permeability and antibacterial activity. The best K+ permeability was observed with 21c, 

assisted by the electrostatic interactions with the carboxylate residues, whereas the 

repulsive forces with 2 resulted in the lowest K+ transport. Nevertheless, the 

antimicrobial activity was of the order 21b > 21a > 21c, since the cationic charges on 21b 

allowed better incorporation into the negatively charged cell membrane of Gram-positive 

bacteria, while the hydrophobicity of 21a allowed good interaction with the membranes 

and hence high antibacterial activity, and the negative charges on 3 decreased its 

incorporation. In addition, very low haemolytic activity was displayed, making them 

interesting systemic antibiotics prospects.61   
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Figure 2.14. (a) Structures of pillar[5]arenes modified with different peptide lengths 20a-20e and 

representation of the unimolecular channel in lipid bilayer. Reprinted with permission from ref 

20. Copyright 2021 American Chemical Society. (b) Structures of peptide-functionalized 

pillar[5]arenes 21a-21c with different charge status. Reprinted with permission from ref 20. 

Copyright 2021 American Chemical Society. 

 

Interested in overcoming Hg2+ toxicity, Li et al. designed mercaptoacetic acid-P5A 24-

based nanochannel that mimics the gating behavior of biological ion channels. To induce 

switching between “on” and “off” states, a competitive binding strategy was employed 

consisting of 24@1,6-hexanediamine (24@1,6-HDA) host-guest complex that was 

disassembled in the presence of Hg2+. Furthermore, a nanochannel device was fabricated 

by functionalizing a PET membrane via etching and cross-linking with HAD (Figure 

2.15a). In the presence of 24, K+ transport was facilitated by electrostatic interactions 

with 24 (“on” state), while when Hg2+ was added, 24 was displaced, switching to the 

“off” state and thus blocking K+ flux (Figure 2.15b). This process showed reversibility in 

addition to selectivity towards Hg2+ over other cations, due to the high binding affinity 

towards 24 thiol.64 Inspired by this, they designed stimuli responsive nanochannels based 

on amino acid-functionalized PAs (25 and 26). Aiming to understand N-

acetylglucosamine analogues impact on cation transport, 25@PET nanochannels were 
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prepared via EDC coupling. Under normal conditions, 25 was able to transport K+, 

meanwhile, in the presence of N-acetylglucosamine analogues (G1, G2, G3), the current 

decreased only when G3 was added, as a result of unique molecular configuration and 

hydrogen-bonding between 25 and G3, changing the nanochannels charge and blocking 

K+ transport (Figure 2.15c).65 They then studied the switching behavior of chiral 26 

nanochannels as a model of glucose-sensitive ion channels. Similar to their previous 

approach, they crosslinked the PET membrane with an azo-amine derivative (Azo), 

which was then complexed with 26. The 26-Azo system displayed good K+ mobility 

even in the presence of L –Glu (“on” state), but it was stopped when D-Glu was added, 

indicating a switch to the “off” state (Figure 2.15d). This was supported by additional 1H 

NMR experiments, determining that the affinity towards D-Glu was 10 times bigger; 

while changes in the nanochannels surface pKa was correlated to a decrease in their 

surface charge density resulting in a drop of the ionic current and cation transport 

stoppage (Figure 2.15e).70  



57 

 

 

 

Figure 2.15. (a) 1,6-Hexanediamine-modified PET membrane that switches between on-state 

(complexed with 24, allowing K+ flux) and off-state (host-guest complex is disassembled in the 

presence of Hg2+, blocking K+ mobility). (b) Switching behavior of the nanochannels in the 

presence of Hg2+. Reprinted with permission from ref 20. Copyright 2021 American Chemical 

Society. (c) Representation of tryptophan-P5A-PET nanochannels, which was selectively 

responsive towards N-acetylglucosamine (G3) among other guests. Reprinted with permission 

from ref 20. Copyright 2021 American Chemical Society. (d) Representation of the mechanism of 

glucose-enantiomer-driven ion channel via L-alanine-P6A 26 host-guest complexation. (e) 
Switchable response of the ion channel. Reprinted with permission from ref 20. Copyright 2021 

American Chemical Society. 
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Other stimuli-responsive artificial channels have also been explored. For instance, Li et 

al. developed temperature-responsive nanochannels induced by cation-π interactions 

between 13 and an ionic liquid (IL). In this study, a polyimide membrane was cross-

linked with IL and its cation/anion transport was studied (Figure 2.16a). At room 

temperature, the host-guest complex was formed, transporting K+ as result of the negative 

charges of 13, while with increasing temperature, the interactions weakened and 13 was 

released, switching to a positively charged channel, and therefore promoting Cl- 

transport. This thermal-ionic behavior was reversible, providing a versatile artificial 

channel (Figure 2.16b, 2.16c).56  Then, they controlled cation/anion transport using a 

light sensitive system (7-tazo) consisting on 7 and a trimethylammonium-azobenzene 

guest. In the trans configuration, cation transport was facilitated by means of the negative 

charges on 7 (Figure 2.16d); whereas anion transport was promoted by the 

photoisomerization of azo by UV-irradiation, resulting in the disassembly of 7-tazo and a 

positively charged channel, which showed reversibility (Figure 2.16e). In addition to 

ionic transport, this system was able to regulate adenosine triphosphate (ATP) transport.57 

More recently, they constructed a nanosensor based on 7@AuNP and PET nanochannels 

decorated with an azobenzene guest (azo) (Figure 2.16f). Notably, 7@AuNP-azo 

nanochannels were 5 times more active than 7-azo, as result of the induced aggregation 

of the host-guest complexes and higher density of negative charges; and the highest 

gating ratio was obtained with the smallest size of 7@AuNP due to more facile host-

guest interactions and mobility through the nanochannels. Similar to their previous work, 

the trans configuration of azo allowed the transport of K+, while upon UV-irradiation the 
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guest adopted the cis configuration and released 7, changing the channel surface charge 

to positive and thus closing it (Figure 2.16g).58  

 

Figure 2.16. (a) Temperature-sensitive ion channel based on host-guest complexation of P5A 13 

and ionic liquid 13, for selective cation/anion translocation. (b) Switching behavior of current-

voltage response. (c) Reversibility of the ion channel. Reprinted with permission from ref 20. 

Copyright 2021 American Chemical Society. (d) Mechanism of ion transport for light-responsive 

nanochannels, constituted of P6A 7 and an azo guest. In the trans configuration, the negatively 

charged channel transported K+, while after irradiation, it switched to being positively charged 

and transported Cl-. (e) Reversibility of the ion channel behavior upon light irradiation. Reprinted 

with permission from ref 20. Copyright 2021 American Chemical Society. (f) Gated nanosensor 

based on 7@AuNP and azobenzene-PET nanochannels, exhibiting light-responsiveness. (g) 

Reversible ionic current of the nanochannels in response to light irradiation. Reprinted with 

permission from ref 20. Copyright 2021 American Chemical Society. 
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2.2.4.1 Water transport 

Aquaporins (AQPs) have served as an inspiration for the design of artificial channels 

with high selectivity for water over solutes. Different from usual studies in lipid bilayers, 

Kumar et al. studied peptide-appended pillar[n]arene (PAP) 22 supported in amphiphilic 

block copolymers, which are more stable and versatile (Figure 2.17a). The water 

conductance of PAP channels was comparable to the one of AQPs and when processed 

into membranes, the permeability and selectivity was found to be an order of magnitude 

higher than commercial membranes.62 However, the PAP channels design could be 

further improved in order to enhance the levels of salt rejection. Intrigued by the chirality 

effect of the channel on water mobility, Wang and co-workers isolated for the first time 

the diastereomers of PAP 23 with methyl as the end groups, which were later hydrolyzed 

to carboxylic acid (23S and 23R) in order to promote water transport (Figure 2.17b). 

Liposomes were loaded with pS and pR to study their water permeability, determining 

that pS did not affect the water transport but pR increased it and notably (300 times 

higher) than other reported peptidic-P5A channels and similar to the one of aquaporin Z. 

Even though 23S and 23R presented similar membrane insertion abilities, computational 

studies revealed that the rotation of phenylalanine side chain in pS blocked the channel 

pore and hence prevented water transport.63  
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Figure 2.17. (a) Membranes of P5A artificial water channels 22 inspired on aquaporins (AQPs). 

Reprinted with permission from ref 20. Copyright 2021 American Chemical Society. (b) 

Structures of chiral peptide-appended P5As 23S and 23R for water treatment membranes. 

Reprinted with permission from ref 20. Copyright 2021 American Chemical Society. 
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A novel approach mimicking AQP was developed by Ogoshi and Barboui groups, by the 

formation of tubular dimers assisted by hydrogen bonding and hydrophobic interactions 

between the peralkyl-carboxyphenyl-P5As (27a-27c, Figure 2.18a) and water molecules. 

The tubular assemblies were reminiscent of AQP (Figure 2.19b), with pore size variation 

from 5 Å up to 2.8 Å (Figure 2.18c), blocking cation transport, thus making them 

interesting for water desalination membranes. Increased length of the alkyl chains 

affected the channels water permeability, with the shortest one displaying the higher one, 

while the longest had a tendency to aggregate, decreasing the overall membrane 

permeability.59  

 

Figure 2.18. (a) Structures of peralkyl-carboxyphenyl-pillar[5]arenes (27a-27c). (b) Assembly in 

tubular structures via hydrogen bonding, dimers forming bilayer-like assembly by hydrophobic 

interactions, CPK representation of the dimeric structures with a length of 34 Å. (c) Pore 

geometry of the dimer. P5A (blue), with a diameter of 5 Å and the carboxyphenyl pore (red) is 

narrow and twisted of 2.8 Å diameter. Reprinted with permission from ref 20. Copyright 2021 

American Chemical Society. 
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2.2.5 Adsorption and Separation 

Prof. Ogoshi and Prof. Huang’s groups first described the use of PAs crystals as porous 

structures for the uptake of guest vapors. Upon activation of PAs, they assemble in 

channels as a result of CH-π interactions between the dialkoxybenzene units, 

transforming into Nonporous Adaptive Crystals (NACs) Taking advantage of P[5]A and 

P[6]A difference in cavity size, linear, branched and cyclic alkane, and aromatic 

monomers can be adsorbed and separated, providing a less energy intensive procedure for 

the purification of relevant solvents and starting materials in industry and research.71–74  

In 2015, Ogoshi and others demonstrated that desolvated crystals of perethylated 

pillar[5]arene (EtP5) selectively adsorbed alkanes over branched and cyclic alkanes as 

result of a better fit in the cavities of EtP5 (Figure 2.19a).71 Since the cavity of ethyl 

pillar[6]arene (EtP6) is bigger (6.7 Å) than that of EtP5 (4.7 Å), they studied EtP6 ability 

to capture branched alkanes. Upon activation and adsorption of alkanes (heptane and 

isooctane) vapor, EtP6 assembled in one-dimensional channels, and although it adsorbed 

a small amount of heptane, it displayed preference towards isooctane as a result of a 

better size and shape fit, and a higher binding energy (Figure 2.19b).73   

Huang’s group has investigated NACs for the separation of chemicals with close boiling 

points. They first reported the selective capture of styrene (St) over ethylbenzene (EB) by 

EP6, given the higher binding affinity between EtP6 and St, and induced structural 

change (Figure 2.19c).72 They also studied the separation of xylene isomers. 

Interestingly, EtP6 assembled differently with each isomer, forming an ordered one-
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dimensional (1D) channels in the presence of p-xylene, maximizing the - interactions 

and thus the most stable crystal structure (Figure 2.19d).75  

 

Figure 2.19. a) Schematic representation of the formation of perethylated P5A one-dimensional 

channel. Reprinted with permission from ref 20. Copyright 2021 American Chemical Society. b) 

Illustration of the selective isooctane adsorption and separation by ethyl pillar[6]arene. Reprinted 

with permission from ref 20. Copyright 2021 American Chemical Society. c) Representation of 

the guest-induced structural change by styrene on ethyl pillar[6]arene for its selective adsorption. 

Reprinted with permission from ref 20. Copyright 2021 American Chemical Society. d) 

Illustration of selective p-xylene adsorption by guest induced adaptivity. Reprinted with 

permission from ref 20. Copyright 2021 American Chemical Society. 
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Chapter 3: Pillar[n]arenes for butanol derivatives recognition 

and separation 
 

 

3.1 Introduction 

New materials that improve the efficiency of chemical processing and are more 

environmentally friendly i.e., less energy intensive, are of remarkable importance given 

their use as precursors in the chemical industry.76 PAs are a versatile family of porous 

host molecules adaptive to changes upon exposure to guest molecules, resulting in 

nonporous adaptive crystals (NACs) that are able to selectively adsorb guests by means of 

CH-, hydrogen bonding, - interactions, discriminating them by differences in size and 

shape.75,77   

Tert-butanol (t-BuOH) is an important solvent in pharmaceutical and cosmetic industry, 

with also applications as flavoring agent, industrial cleaners, paint and coatings, etc., 

while 2-butanol (2-BuOH) is mainly used as solvent and intermediate in the production 

of other chemicals such as butanone. The production process of 2-BuOH via hydration of 

1-butene and isobutylene in the presence of sulfuric acid, results in the obtention of t-

BuOH as byproduct,78 while oxidation processes like Oxirane for the manufacture of t-

BuOH lead also to the production of impurities like 2-BuOH. Certain applications like 

pharmaceutical and agrichemicals require the use of high-purity t-BuOH.78,79 Typically, 

the purification is done by distillation; however, this process is energy-intensive and time 

consuming; therefore, it is important to develop efficient processes that allow the 

production of high-purity t-BuOH.  
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In this chapter, the study of ethyl pillar[5,6]arene-based molecular sieves for the 

recognition and separation of butanol derivatives is presented. EtP5 can adsorb both t-

BuOH and 2-BuOH (Scheme 3.1), while EtP6 displays selectivity towards t-BuOH 

(Scheme 3.2).  

 

 

Scheme 3.1. Representation of the adsorption process of butanol derivatives by ethyl 

pillar[5]arene 

 

Scheme 3.2. Schematic representation of the separation process of t-butanol from 2-butanol by 

ethyl pillar[6]arene 
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3.2 Experimental Details 

3.2.1 Materials 

p-diethoxybenzene, boron trifluoride diethyl etherate, paraformaldehyde, anhydrous 

chloroform, 2-butanol and tert-butanol, were purchased from Sigma-Aldrich and used 

without further purification.  

3.2.2 Synthetic methods 

Ethyl pillar[5]arene and Ethyl pillar[6]arene: To a solution of  p-diethoxybenzene (3 

g, 18 mmol) in anhydrous chloroform (150 ml) was added paraformaldehyde (0.54 g, 18 

mmol) and stirred under inert atmosphere at room temperature for 20 min. Then, boron 

trifluoride diethyl etherate (2.25 ml, 18 mmol) was added to the solution and the mixture 

was stirred for 20 min at room temperature. The reaction was quenched with water and 

the organic phased was washed with saturated aqueous NaHCO3 and brine, dried over 

anhydrous Na2SO4, reduced under vacuum, and purified by silica gel column 

chromatography (10:1 hexane/ethyl acetate). EtP5 1H NMR: (CDCl3, 400 MHz): δ 6.72 

(s, 10 H), 3.84-3.7 (q, 20 H), 3.77 (s, 10 H), 1.27-1.24 (s, 30 H). EtP6 1H NMR: (CDCl3, 

500 MHz): 6.7 (s, 12 H), 3.84-3.79 (m, 36 H), 1.30-1.27 (t, 36 H) 

3.2.2 Single Crystal Growth 

Crystallization of EtP5: 120 mg of EtP5 were dissolved in 5 ml of tetrahydrofuran 

(THF) and heated at 60C for 30 min. Crystals were obtained by slow evaporation at 

room temperature after 4-5 days and were activated at 60C for 18 h under vacuum 

before adsorption experiments.   
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Crystallization of EtP6: To 100 mg of EtP6, 10 ml of acetone were added and heated at 

60C until dissolved. To remove any impurities, the solution was filtered and then let for 

slow evaporation at room temperature. After 2-3 days crystals were obtained and dried at 

140C overnight under vacuum.  

Crystallization of EtP5@2-BuOH: To 5 mg of EtP5 were added 3 ml of 2-BuOH and 

heated at 60C until dissolved. Good diffracting crystals were obtained after 7-10 days of 

slow evaporation.  

3.2.3 Instrumentation 

1H and 13C NMR spectra were recorded on Bruker Ultrashield Avance III 400 and 500 

MHz spectrometers at 298 K. Thermogravimetric Analysis (TGA) was carried out using 

a Q5000 analyzer (TA instruments) with an automated vertical overhead thermobalance. 

The samples were heated at the rate of 10 °C/min using N2 as the protective gas. Routine 

powder X-ray diffraction (PXRD) data were collected using Cu Kα radiation (λ = 1.5418 

Å, 40 kV and 30 mA) on a PANalytical X’pert PRO instrument operating in Bragg-

Brentano geometry. Intensity data were recorded using an X’Celerator detector, and 2θ 

scans in the range of 4−40° were performed with a step size of 0.02° at a scan speed of 

0.02 (°/s). The sample was placed in a zero-background sample holder and normal 

configuration of the instrument was used. For Single Crystal X-ray Diffraction (SCXRD), 

intensity data were collected using a Bruker D8 Venture with Photon II CPAD 

diffractometer (Mo Kα radiation, λ = 0.71073 Å) equipped with Incoatec IμS microfocus 

source, multilayer monochromator for the crystal structure. The crystal was collected at 

120 K supported by Oxford Cryosystems 800 Plus cryostat. Data reductions were carried 
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out by means of a standard procedure using the Bruker software package SAINT. The 

absorption corrections and the correction of other systematic errors were performed using 

SADABS. The structures were solved by direct methods using SHELXS-2008 and 

refined using SHELXL-2018. X-Seed was used as the graphical interface for the SHELX 

program suite. For all the cases non-hydrogen atoms were refined anisotropically. All 

other hydrogen atoms are geometrically fixed using riding atom model. 
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3.3 Results and Discussion 

3.3.1 EtP5 guest adsorption studies 

EtP5 was synthesized as mentioned in the experimental section and characterized by 1H 

NMR spectroscopy (Figure 3.1).  

 

Figure 3.1. 1H NMR of ethyl pillar[5]arene in d-chloroform 
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Then, its ability of adsorptive separation of 2-butanol and t-butanol was investigated. 

After exposure to butanol’s vapors over 24 h, the samples were analyzed by 1H NMR 

spectroscopy (Figure 3.2). At first glance, a selective separation of 2-BuOH from t-BuOH 

was suggested as observed by the shifts of the proton signals of 2-butanol, forming a 1:1 

host-guest complex and no apparent appearance of t-BuOH signal. However, upon 

examination of the integration signal corresponding to the methyl groups of EP5, 39 H 

were obtained, suggesting a superimposed signal of the methyl groups of t-BuOH and 

EtP5 as displayed in Figure 3.3, and hence the formation of a 1:1 complex. 

 

Figure 3.2. 1H NMR study of 2-butanol and t-butanol adsorption by EtP5 after 24 h exposure to 

guest vapor 
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Figure 3.3 Integration of the methyl groups of EtP5 before and after adsorption of t-butanol. 

 

This was then studied by solid-vapor adsorption experiments using desolvated crystalline 

EtP5. While exposure to t-BuOH only resulted in very small changes of EtP5 PXRD 

pattern (Figure 3.4 EtP5@t-BuOH), adsorption of 2-butanol (Figure 3.4 EtP5@2-BuOH) 

resulted in noticeable variations in the pattern, also observed when an equimolar mixture 

of 2-BuOH/t-BuOH was used (Figure 3.4 EtP5@2-BuOH/t-BuOH), indicating a crystal 

transformation of EtP5 to adsorb 2-BuOH and t-BuOH.  
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Figure 3.4. PXRD analysis after 2-butanol and t-butanol adsorption by EtP5 

 

TGA analysis was carried out using activated EtP5 crystals. From Figure 3.5a, almost no 

weight loss is observed below 300 C, indicating that EtP5 is completely desolvated.  

After EtP5 was exposed to 2-BuOH (Figure 3.5b), a weight loss of 9.1% is observed, 

which corresponds to the release of one molecule of 2-BuOH per EtP5. After the uptake 

of 2-BuOH/t-BuOH mixture (3.5c), the weight loss is 15%, suggesting the adsorption of 

both butanol isomers.  
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Figure 3.5. Thermogravimetric analysis of: a) Desolvated EtP5, b) EtP5@2-BuOH, c) EtP5@t-

BuOH, d) EtP5@2/t-BuOH 

 

 

 

 

 

 

 



75 

 

 

Gas chromatography analysis confirmed the uptake of 2-BuOH and t-BuOH, with a 

preference towards 2-BuOH that could be attributed to a better fit of 2-BuOH in the 

cavity of EtP5 (Figure 3.6). 

 

Figure 3.6 Gas chromatography analysis of ethyl pillar[5]arene uptake of t-butanol and 2-butanol 

 

Single crystals of EtP5 loaded with 2-BuOH were obtained by slow evaporation of a 2-

BuOH solution of EtP5. The unit cell corresponds to Triclinic with space group P-1. 2-

BuOH is threaded in a zigzag fashion into the cavities of EtP5 by virtue of hydrogen 

bonding and CH···π interactions between the hydroxy group of 2-BuOH and the ethoxy 

moiety of EtP5, and the methylene of 2-BuOH and benzene rings of EtP5 (Figure 3.7a, 

b), as presented in Table 3-1. It is also observed that the zigzag assembly of EtP5 is due 
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to intra- and intermolecular hydrogen bonding interactions between the methoxy groups 

(Figure 3.7c).  

 

Figure 3.7. a) Crystal packing of EtP5@2-BuOH along c-axis, displaying a stepwise like 

assembly. b) Crystal structure showing host/guest intermolecular hydrogen bonding interactions 

between EtP5 and 2-BuOH. c) Crystal packing exhibiting host/host intermolecular hydrogen 

bonding interactions between EtP5 and 2-BuOH along a-axis 
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Table 3-1. Some important host/guest intermolecular hydrogen bonding interactions between 

EtP5 and 2-BuOH 

Distance D···A (Å) H···A (Å) >D‒H···A (°) 

C21‒H21···O16 3.161 2.730 113.59 

C54‒H54···O21 3.606 2.643 164.19 

C65‒H65B···O22 3.258 2.538 129.41 

C114‒H11Q···O12 3.906 2.997 153.12 

C116‒H11J···O12 3.595 2.766 142.75 

C117‒H11V···i5 3.811 3.029 137.67 

C117‒H11T···i8 4.007 3.106 153.48 

C118‒H11R···i4 3.858 2.871 175.44 

C120‒H12A···O2 3.671 2.745 157.83 

C121‒H12D···O17 3.620 2.827 138.48 
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3.3.2 EtP6 guest adsorption studies 

EtP56 was synthesized as mentioned in the experimental section and characterized by 1H 

NMR spectroscopy (Figure 3.8).  

 

 

Figure 3.8. 1H NMR of ethyl pillar[6]arene in d-chloroform 
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EtP6 guest adsorption of 2-BuOH and t-BuOH was first studied by NMR. According to 

the spectra in Figure x, EtP6 is able to adsorb both 2-BuOH and t-BuOH forming a 1:1 

host-guest complex, however, when EtP6 is exposed to a 1:1 mixture of 2-BuOH/t-

BuOH, EtP6 selectively uptakes t-BuOH (Figure 3.8).   

 

 

Figure 3.9. 1H NMR of 2-butanol and t-butanol adsorption by EtP6 after 24 h exposure to guest 

vapor 
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Upon solid-vapor adsorption experiments using activated crystalline EtP6, the EtP6 

pattern remained unchanged after exposure to 2-BuOH (Figure 3.10 EtP6@2BuOH). 

However, there are noticeable changes after adsorption of t-BuOH (Figure 3.10 EtP6@t-

BuOH), indicating a crystal transformation from EtP6 to EP6@t-BuOH. Therefore, EtP6 

discriminates between a mixture of 2-BuOH and t-BuOH (Figure 3.10 EtP6@2/t-BuOH).  

 

 

 Figure 3.10. Studies of EtP6 guest adsorption by PXRD 
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To determine the amount of BuOH isomers that is adsorbed by EtP6, TGA analysis was 

carried out using activated EtP6 crystals. From Figure 3.11a, almost no weight loss is 

observed below 300 C, indicating that EtP6 is completely desolvated.  The TGA of 

EtP6@2-BuOH (Figure 3.11b) displays the same behavior as activated EtP6, suggesting 

2-BuOH adsorption is not high. When EtP6 was exposed to t-BuOH, a 9.11% weight loss 

started at about 55 C, and can be estimated to the release of one t-BuOH molecule per 

EtP6 (Figure 3.11c). This is also observed after the uptake of 2-BuOH/t-BuOH mixture 

(Figure 3.11d). 

 

Figure 3.11. Thermogravimetric analysis of: a) Desolvated EtP6, b) EtP6@2-BuOH, c) EtP6@t-

BuOH, d) EtP6@2/t-BuOH 
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Furthermore, gas chromatography analysis confirms the ability of EtP6 to separate t-

BuOH from 2-BuOH with a 98.2% efficiency (Figure 3.11). 

 

Figure 3.12 Gas chromatography analysis of ethyl pillar[6]arene uptake of t-butanol and 2-

butanol 

 

Attempts to obtain single crystals of EtP6 complexes with t-butanol and 2-butanol were 

not successful; however, the computational analysis displayed in Figure 3.13 confirms 

the selectivity of EtP6 towards t-butanol (Figure 3.13a). The branched geometry of t-

butanol is a better fit for EtP6 cavity, as observed by the multiple hydrogen bonding and 

CH- interactions and a 7-times lower binding energy than 2-butanol (Figure 3.13b), 

indicating a more stable host-guest complex.  
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Figure 3.13. Computational simulation of the host-guest complexes between a) EtP6 and t-

butanol and b) EtP6 and 2-butanol.  

 

3.4 Conclusions 

The cavity of EtP5 and EtP6 and their ability to assemble forming porous structures, 

makes them interesting prospects for the purification of butanol isomers. The recognition 

and separation of 2-BuOH and t-BuOH mixture using EtP5 and EtP6 was studied. EtP5 

did not exhibit a selective adsorption of a butanol isomer, while the bigger cavity of EtP6 

is more suitable to accommodate the branched t-BuOH, adsorbing it with a 98.2% 

selectivity over 2-butanol. Given the facile synthesis from commercially available 

materials, stability and recyclability, the use of EtP6 as adsorbent material presents an 

interesting less-energy intensive alternative to distillation.  
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Chapter 4: Pillar[n]arene-based organic cage 

 

4.1 Introduction 

Porous organic cages comprise a new generation of porous materials, that are 

characterized by a rigid structure with permanent voids and pore windows, meaning they 

are intrinsically porous. By this definition, macrocycles such as PAs can be described as 

simple cages due to the presence of two windows.80 

In 2009, Cooper et. al. synthesized a three imine-linked tetrahedral cage by the 

condensation  of  1,3,5-triformylbenzene with 1,2-diamines, demonstrating for the first 

time permanent porosity for intrinsically porous organic cages.81 Since then, different 

bond-forming chemistries have been used, both reversible or dynamic covalent chemistry 

such as boronic ester condensation,82 boroxine,83,84 dynamic alkyne metathesis;85–87 and 

irreversible routes like carbon-carbon bonds via cross-coupling reactions,88 amide-bond89 

and nucleophilic aromatic substitution.90  

To date, the intrinsic cavities of the organic cages result from the combination of two 

differently shaped synthons. Herein, it is explored the design of a porous organic cage 

(POC-5) with dual microporosity as a result of the incorporation of an A1/A2-

difunctionalized P5A as one of the building units (P5A-5), which could result in a new 

highly guest-responsive material (Scheme 4.1). 
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Scheme 4.1 Illustration of the formation of an imine organic cage using a dibenzaldehyde 

pillar[5]arene and a triamine. 

 

4.2 Experimental details 

4.2.1 Materials 

All reagents were commercially available and used as supplied without further 

purification. All reactions involving air- and/or moisture-sensitive compounds were 

carried out using standard Schlenk-line techniques under argon atmosphere. Analytical 

thin-layer chromatography (TLC) was performed using silica gel precoated on aluminum 

sheets. The TLCs were inspected by UV light (254 nm). Flash column chromatography 

was carried out using silica gel. Compounds P5A-,91 P5A-2,92 P5A-3,93 and P5A-494 were 

synthesized according to previously reported procedures (Scheme 4.2). Deuterated 

solvents were purchased from Cambridge Isotope Laboratories and Sigma Aldrich.  
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Scheme 4.2 Synthetic route of A1/A2 difunctionalized benzaldehyde pillar[5]arene 

 

4.2.2 Instrumentation 

1D and 2D Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker 

Ultrashield Avance III 500 and 600 MHz spectrometers at 298 K; 1H and 13C NMR 

chemical shifts are reported relative to residual solvent signals. High resolution mass 

spectra were obtained on a Thermofisher LTQ Velos Orbitrap spectrometer connected to 

HPLC. The analysis was done using electrospray ionization and positive polarity. 10 µL 

of methanol blank, reserpine (QC), and the analyte were injected separately into LC using 

a C8 column (eclipse plus C8, Agilent 4.6 x 100 mm, 5u) and the separation was 

performed using H2O/MeOH +0.1%FA. The flow rate was 400 μL/min. 
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4.2.3 Synthetic procedures 

Synthesis of P5A-5:  Aqueous Na2CO3 (102 mg in 5 ml) was added to a mixture of P5A-

4 (160 mg, 0.16 mmol) and 4-formylphenyl boronic acid (132 mg, 0.88 mmol) in THF 

(18 ml). The mixture was subjected to three freeze-pump-thaw cycles and then Pd(PPh3)4 

(30 mg, 0.026 mmol) was added. The reaction mixture was stirred at 80 °C for 24 h, 

cooled to room temperature and added to CH2Cl2 (25 ml). The solution was washed with 

H2O (2 x 20 ml) and brine (20 ml), and dried (Mg2SO4) and concentrated under vacuum. 

The product was purified by silica gel chromatography (1:1 Hexane/ Dichloromethane), 

to give P5A-5 as a white solid (140 mg, yield 97%). 1H NMR (CDCl3, 500 MHz, 298 K) 

δ= 10.03 (s, 2 H), 7.64 (d, 2 H), 7.09 (d, 2 H), 6.88 (s, 2 H), 6.75 (s, 2 H), 6.71 (s, 2 H), 

6.55 (s, 2 H), 5.95 (s, 2 H), 3.91 (s, 2 H), 3.85 (s, 2 H), 3.79 (s, 2 H), 3.74 (s, 2 H), 3.69 

(s, 6 H), 3.57 (s, 6 H), 3.38 (s, 6 H), 3.30 (s, 6 H) ppm. 13C NMR (CDCl3, 500 MHz) δ = 

192.19, 151.06, 150.96, 150.85, 150.62, 148.51, 139.81, 136.82, 134.68, 131.61, 129.69, 

129.44, 129.11, 128.65, 127.42, 114.27, 114.25, 114.15, 113.88, 56.17, 55.95, 55.65, 

55.56, 33.96, 29.85, 29.71 ppm. HRMS: (m/z) calcd for [M+Na]+: 921.36147; found 

921.36035. 

Synthesis of POC-5: To a solution of P5A-5 (3.5 mg, 0.003896 mmol) in 1.5 ml of 

CDCl3, tris(2-aminoethyl)amine (0.834 µl, 0.003896 mmol) was added 5 times every 12 

h. The reaction was stirred at room temperature for 60 h and then characterized by 1H and 

13C NMR, and HRMS. 

Synthesis of POC-5a: P5A-5 (7.1 mg, 0.0079 mmol) were dissolved in tris(2-

aminoethyl)amine (7.1 µl, 0.049 mmol) and stirred at room temperature for 15 h. Upon 
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addition of ml of chloroform, tris(2-aminoethyl)amine partially crystallized and was 

removed by filtration. After solvent evaporation, the product was characterized by 1H 

NMR.  

Synthesis of rPOC-5: To a solution of 0.75 ml of POC-5, NaBH4 (3.284 mg, 0.087 

mmol) were added and stirred overnight at room temperature. After filtration the product 

was characterized by 1H NMR. 

 

4.3 Results and discussion 

 

4.3.1 Benzaldehyde-functionalized pillar[5]arene 

The pillar[4]arene[1]benzaldehyde 5 was synthesized according to the synthetic strategy 

shown in Scheme 4.2, starting from the Friedel-Crafts cyclooligomerization between 1,4-

dimethoxybenzene and paraformaldehyde to afford decamethoxy-pillar[5]arene P5A-1; 

then one para-dimethoxy unit was regioselectively oxidized to the corresponding 

quinone, yielding P5A-2. Compound P5A-2 was reduced to obtain the 

pillar[4]arene[1]hydroquinone P5A-3 which was then converted to the corresponding 

ditriflate P5A-4. Finally, P5A-5 was obtained by a palladium-catalized Suzuki reaction 

of P5A-4 with 4-formylphenylboronic acid, with a 97% yield.  

P5A-5 was characterized by 1H (Figure 4.1) where the signal for the aldehyde protons is 

observed at 10.03 ppm; the mass was determined by High Resolution Mass Spectrometry 

(HRMS), obtaining the [M+Na+]+ molecular ion (921.3605 m/z) (Figure 4.2). 
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Figure 4.1. 1H NMR of A1/A2 dibenzaldehyde-pillar[5]arene 

 

 

Figure 4.2. High Resolution Mass Spectrometry of A1/A2 dibenzaldehyde-pillar[5]arene 
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4.3.2 Pillar[5]arene-based organic cage 

The difunctionalized pillar[5]arene P5A-5 and the three-way linker TREN were used to 

synthesize a [2+3] pillar[5]arene-based organic cage (POC-5). POC-5 is formed by 

imine condensation, leading to the thermodynamic product, since the reversible bond 

formation allows error correction for the cages to self-assemble.80 Various reactions 

conditions were tested for the synthesis of POC-5 as depicted on table 4-1. However, 

upon monitoring by 1H NMR, the desired product was not successfully obtained. 
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Table 4-1. Reactions conditions for the synthesis of pillar[5]arene-based organic cage 

 Solvent system Stirring Temperature 

[P5]  

mM 

[TREN] 

mM 

Ratio 

TREN:P5 

Acid 

catalyst 

(TFA) 

Observations Reference 

1 

Chloroform and 

ethanol 

Yes 25 ºC 0.000927 0.000742 1:1.5 - 

P5 is still 

present, 

formation of 

white 

polymer 

95 

2 

Chloroform and 

ethanol 

No 25 ºC 0.000904 0.000723 1:1.5 - 

P5 is still 

present in 

the reaction 

mixture 

95 

3 

Methanol 

layered onto 

dichloromethane 

No 25 ºC 0.000927 0.000927 1:1.5 - 

P5 is still 

present in 

the reaction 

mixture 

96 

4 Chloroform Yes 25 ºC 0.000927 0.000742 1:1.5 

3 drops 

after 4 

days 

After TFA 

addition,  

product 

reverted to 

P5 

97 
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5 

Dry 

dichloromethane 

and methanol 

Yes 

50ºC 

(reflux) 

0.00499 0.0133 1:1.5 1 drop 

The solvent 

volume was 

not constant 

98 

6 

Chloroform and 

ethanol 

Yes Room 0.000931 0.00129 4:3 - 

Biphasic 

system, 

white 

polymer 

95 

 

Thus, two other reaction conditions were tested, the first one involved subsequent 

additions of one tris(2-amino)ethylamine (TREN) equivalent until P5A-5 was consumed, 

and in the second one TREN was used as the reaction media. 

The synthesis of POC-5 was done by the addition of one equivalent of TREN every 12 h 

to a solution of P5A-5 in CDCl3 at room temperature over 60 h (Scheme 4.3).  

 

Scheme 4.3 Synthesis of pillar[5]arene-based porous organic cage (POC-5) 
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The reaction was monitored by 1H NMR, until the starting material P5A-5 was consumed 

(Figure 4.3), observing the disappearance of the aldehyde signal from the benzaldehyde 

moieties and the appearance of a signal at 8.32 ppm that corresponds to the imine bonds, 

indicating the reaction between the benzaldehyde and TREN; furthermore, the signals at 

2.85 and 2.62 ppm correlate to the methylene groups of the amine linked to the cage 

(Figure 4.3). Nevertheless, due to the excess of TREN used during the synthesis, the 

presence of free amine is detected at 2.77 and 2.51 ppm (methylene groups) and 1.67 

ppm (NH2).  

 

Figure 4.3. 1H NMR of pillar[5]arene-based porous organic cage (POC-5) 
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The second strategy involved the use of the triamine (TREN) not only as the linker but 

also as the solvent of the reaction, as represented in scheme 4.4.  

 

Scheme 4.4. Synthetic strategy of pillar[5]arene-based porous organic cage (POC-5a) 

 

The obtained product POC-5a was characterized by 1H NMR (Figure 4.4a). Upon 

comparison with POC-5 spectra (Figure 4.4b), the obtention of the organic cage was 

confirmed. Although TREN was removed by crystallization, it is evident that is still 

present and in a higher concentration than in POC-5. Thus, subsequent characterization of 

the pillar[5]arene-based organic cage was performed using POC-5.  
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Figure 4.4. 1H NMR of: a) pillar[5]arene-based porous organic cage (POC-5a) using tris(2-

amino)ethylamine  as solvent. b) pillar[5]arene-based porous organic cage (POC-5). 
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POC-5 was  analyzed by mass spectrometry, obtaining the [M+2H]2+ molecular ion at 

1441.12 m/z (Figure 4.5). 

 

Figure 4.5. Mass spectra of pillar[5]arene-based porous organic cage (POC-5) 
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In order to remove the excess of free TREN from POC-5 and increase its stability in 

protic solvents, POC-5 was reduced using sodium borohydride, obtaining the reduced 

organic cage rPOC-5. The 1H NMR is shown in Figure 4.6, where the imine signal of 

POC is not present any more, indicating its reduction.  

 

Figure 4.6. 1H NMR of reduced porous organic cage  

 

 

 

 



98 

 

 

Since TREN is still present after the reduction, a work-up was done, achieving TREN 

removal as suggested by the 1H NMR of Figure 4.7.  

 

Figure 4.7. Comparative 1H NMR of the pillar[5]arene starting material (P5A-5), porous organic 

cage (POC) and the reduced cage after work-up (rPOC wk). 

 

Another attempt at removing the excess of TREN consisted on purification by 

Preparative Liquid Chromatography (PLC). After NMR analysis, it seems the acidic sites 

of the silica disassembled POC, obtaining the P5A-5 starting material (Figure 4.8).   
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Figure 4.8. 1H NMR after purification by silica Preparative Liquid Chromatography. The cage is 

disassembled, obtaining the dibenzaldehyde-pillar[5]arene starting material. 

 

HPLC High-Resolution Mass Spectrometry (HPLC-HR-MS) was used with the aim to 

isolate POC-5 from TREN without the need of a reduction or work-up. The [M+2H]2+ 

molecular ion at 1441.69 m/z was obtained (Figure 4.8), suggesting HPLC-HR-MS is an 

adequate via to the isolation of pure POC-5.  
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Figure 4.9. HPLC- High-Resolution Mass Spectrometry of the pillar[5]arene-based organic cage. 

The [M+2H]2+ m/z was obtained.  
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4.4 Conclusions 

A new imine organic cage (POC) was designed using a dibenzaldehyde-pillar[5]arene 

(P5A-5). POC was characterized by 1H NMR, mass spectrometry and HPLC-MS. 

Unfortunately, trials to crystallize POC were unsuccessful and hence it was not possible 

to confirm its synthesis via SC-XRD. This problem could be overcome using more rigid 

and longer co-ligands that would decrease POC flexibility, promoting POC 

crystallization and decreasing the steric hindrance (Scheme 4.4). In addition, metal 

coordination could be induced in the imine or amine sites.  

 

Scheme 4.5. Proposed co-ligands for new PAs- based porous organic cages. 
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Chapter 5: Pillar[n]arene as ligand for silver nanoclusters 

 
 

5.1 Introduction  

Ligand-protected atomically precise nanoclusters (NCs) have generated great interest 

owing to their unique physical and chemical properties.99,100 They are used in 

catalysis,101–103 sensing,104 imaging,105,106 and drug delivery.107 Most of the NCs have a 

core-shell structure consisting of a metal atom core surrounded by a shell of metal-ligand 

staple motifs.99 Hence, surface ligands play a vital role in determining the stability, atom 

packing and shaping the electronic properties of the NCs.100  

Several ligand including alkane thiols,108,109 aromatic thiols,110,111 peptides,112 DNA,113 

proteins,114 dendrimers,115 polymers,116 and phosphines,117,118 have been used extensively 

for cluster synthesis. Additional functionality can be introduced to NCs by either ligand 

exchange119 with functional ligands or by ligand conjugation.120 More recently, functional 

metal NCs were prepared by employing macrocycle-based ligands such as thia- and 

diphenyphosphine-calix[n]arenes.121–123 Macrocycles can host a variety of guest 

molecules bringing new and diverse properties to the NCs. The hydrophobic nature and 

cone-like conformation of calixarenes, however, drastically limits the nature of guests 

that could be accommodated in the cavity and critically decreases the accessibility to the 

metallic cluster.121  

PAs are interesting macrocycles with a symmetric pillared structure that can be easily 

functionalized.124 Although PA functionalized gold and silver nanoparticles have been 

reported in literature,125–127 the synthesis of PA-functionalized NCs had not been explored 
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thus far, to the best of our knowledge. PAs would bring valuable functionalities to the 

NCs as they can host electron-poor and neutral species since many electron-rich 

hydroquinones are in close proximity.10,128 This is extremely valuable form impacting 

changes in optical properties such as photoluminescence (PL) of NCs. Many of the 

reported NCs are weakly luminescent and thus suffer from low PL quantum yield.129,130 

The common practice to increase the PL of NCs include doping to form alloy NCs,131 

aggregation induced emission (AIE) process,132 solvent induced aggregation,133 and 

enhancement by rigidifying the ligand shell.134 

Herein, PA-based host ligands were successfully employed to prepare extremely stable 

AgNCs (Ag29(LA-P5)12(TPP)2) with drastically enhanced luminescence upon host-guest 

interactions. NCs with Ag29 core but different surface functionality are well known.135–139 

Lipoic acid (LA) ligands, for example, produce water dispersible, red luminescent 

Ag29(LA)12
3- NCs.137–139 Ag29(BDT)12(TPP)4

3- (BDT= 1,3-benzenedithiol) were also 

successfully prepared when triphenylphosphine (TPP) is used as a co-ligand to the main 

BDT ligand.135 These NCs exhibit luminescence with an emission maximum around 670 

nm. Functionalizing NCs with macrocycles such as pillar[n]arene makes them readily 

accessible to an extend variety of guest molecules, which can consequently tune their 

optical properties. Both direct synthesis and ligand exchange synthesis can reproducibly 

induce Ag29(LA-P5)12(TPP)2. Tuning the nature of the guest molecule provoked 

unprecedent changes in the optical properties of Ag29(LA-P5)12(TPP)2 including a 

dramatic circa 2000-fold PL enhancement when cetrimonium bromide surfactant (CTAB) 

was used as the guest molecule (Scheme 5.1). 
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Scheme 5.1. Schematic representation of the assembly of pillar[5]arene-stabilized silver 

nanoclusters. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons.  

 

5.2 Experimental details 

5.2.1 Materials  

4-methoxyphenol, bromoethanol, acetyl chloride, boron trifloride ethereal solution, lipoic 

acid (LA), paraformaldehyde, N,N'-Dicyclohexylcarbodiimide (DCC), silver nitrate 

(AgNO3), triphenylphosphine (TPP), sodium borohydride (NaBH4), octylamine (OA), 

hexylamine, dodecaneamine, oleylamine, 1,8-diaminooctane, cetrimonium bromide 

(CTAB), trimethyloctadecylammonium bromide, dodecyltrimethylammonium bromide 

trimethyloctylammonium bromide, tetrakis(decyl)ammonium bromide and 

tetraoctylammonium bromide were purchased from Sigma-Aldrich and were used 
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without further purification. Compound a-d where synthesized as mentioned in literature 

(Scheme 5.2).140 

 

5.2.2 Synthetic procedures 

Synthesis of LA- P5: P5A d (266.1 mg, 0.341 mmol) was mixed with DMAP (11.21 mg, 

0.0917 mmol) and lipoic acid (70.35 mg, 0.341 mmol) were dissolved in 7 ml of 

anhydrous dichloromethane. The flask was cooled to 0 ºC in an ice bath and a solution of 

DCC (703.58 mg, 3.41 mmol) in 7 ml of anhydrous dichloromethane was added dropwise 

and stirred for three days at room temperature. The reaction mixture was filtered to 

remove the insoluble byproducts and the filtrate was concentrated under vacuum. The 

residue was purified by silica gel column chromatography using hexane: ethyl acetate 

(7:1) and increased to (5:1) as an eluent to obtain LA-P5 as a light yellow solid (258.9 

mg, 78%). 1H NMR (500MHz, CDCl3): ẟ (ppm) 1.66-1.60 (m, 2H), 1.76-1.7 (m, 4H), 

1.88-1.80 (m, 2H), 2.50-2.23 (m, 2H), 3.16-3.10 (m, 1H), 3.25-3.17 (m, 1H), 3.53-3.47 

(m, 1H), 3.82-3.60 (m, 37H), 4.4-4.26 (m, 4H), 7.03-6.77 (m, 10H). ESI: (m/z): 

calculated [M+H]+ : 969.38; found 969.33. 
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Scheme 5.2. Synthetic procedure for lipoic acid-functionalized pillar[5]arene (LA-P5). Reprinted 

with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Scheme 5.3. Synthetic routes of through a) direct synthesis and b) ligand exchange. Reprinted 

with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 

 

Direct synthesis of Ag29(LA-P5)12(TPP)2 NCs: 3.7 mg of AgNO3 was dissolved in 3 ml 

methanol followed by the addition of 37 mg of TPP dissolved in 3 ml of dichloromethane 

(DCM) under stirring. After 30 minutes, 20 mg of LAP5 dissolved in 3 ml of DCM was 

added and the stirring continued for additional 30 minutes. Finally, 2 mg of NaBH4 

dissolved in 0.5 ml water was added. After 24-36 h of reaction, the NCs were purified by 

centrifugation (15k, 30 minutes) after adding spare amount of methanol to precipitate the 

NCs. Finally the purified NCs were re-dispersed in DCM containing TPP. 

 

Synthesis of Ag29(LA-P5)12(TPP)2 via Ligand exchange induced structure/size 

transformation: This method involves two separate steps. Step 1: synthesis of TPP 

capped AgNCs, [Ag18H16(TPP)10]2+: [1] 20 mg of AgNO3 was dissolved in 5 ml of 

methanol followed by the addition of TPP (70 mg in 10 mL of chloroform) under stirring 

conditions. After 20 min of reaction, 6 mg of NaBH4 dissolved in 0.5 ml of water was 

added to the above reaction mixture. After 3 h of reaction, organic solvents were removed 

by evaporation. The cluster was then washed few times with Millipore water to remove 

the unreacted Ag+ ions and finally re-dispersed in methanol.  
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Step 2: 1 mL of [Ag18H16(TPP)10] 2+ NCs in methanol was treated with 2 mg of LA- P5 

dissolved in 1 ml DCM and stirred overnight. The NCs were purified by centrifugation 

(15k, 30 minutes) after adding spare amount of methanol to precipitate the NCs. Finally 

the purified NCs were re-dispersed in DCM containing TPP. 

 

5.2.3 Instrumentation 

The solution NMR sample was prepared by dissolving the compound in 600 µL of 

deuterated chloroform (CDCl3) and then 550 µL of the solution was transferred to 5 mm 

NMR tubes. All NMR spectra were recorded using Bruker 600 MHz AVANAC III NMR 

spectrometer equipped with Bruker BBOF probe (BrukerBioSpin, Rheinstetten, 

Germany). The 1H NMR spectra were recorded by collecting 64 scans with a recycle 

delay time of 10s using one 90 pulse sequence (zg) program from Bruker pulse library. 

Chemical shifts were adjusted using the solvent CDCl3 signal at 7.21 ppm as internal 

chemical shift reference. The FID signals were amplified by exponential line-broadening 

factor of 0.3 Hz before Fourier transformation. The 13C NMR spectra were recorded by 

collecting 4k scans with a recycle delay time of 5s utilizing 30 degree flip angle sequence 

with power-gate decoupling with 30 flip angle employing pulse sequence (zgpg30) 

program from Bruker pulse library. Bruker Topspin 3.5pl7 software (Bruker BioSpin, 

Rheinstetten, Germany) was used to collect the data and MestReNova software was used 

for data analysis. Absorption spectra were recorded using a Shimadzu UV2600 

spectrophotometer. PL measurements were carried out by Cary Eclipse 

spectrophotometer. Transition electron microscopy (TEM) images were recorded using a 

Technai 12 T (FEI Co.) microscope operated at 120 kV. For the Time-Correlated Single 
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Photon Counting experiments, the nanoclusters were excited by a pulsed laser diode (405 

nm) that was purchased from HORIBA Jobin Yvon, model (DD-405L, IRF≈ 150 ps). The 

repetition rate of the pulsed laser was 1-10 MHz. The laser energy per pulse used was 

approximately 1 pJ (an excitation fluence of 0.05 μJ/cm2 ). 
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5.3 Results and discussion 

5.3.1 LA-P5 functionalized nanoclusters 

A lipoic acid (LA) -pillar[5]arene (LA- P5) ligand was synthesized via DCC coupling of 

pillar[5]arene d and LA (Scheme 5.2). The ligand was characterized by 1H NMR 

spectroscopy (Figure 5.1) and MS (Figure 5.2). The presence of LA with two thiols offers 

stronger anchoring than monothiol ligands.141 

 

Figure 5.1. 1H NMR spectrum of lipoic acid-functionalized pillar[5]arene. Reprinted with 

permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Figure 5.2. ESI-MS spectrum of lipoic acid-functionalized pillar[5]arene. The experimental value 

is 969.3300 Da and the theoretical value is 968.3834 Da. Reprinted with permission from Ref. 21. 

Copyright 2019 John Wiley and Sons. 

 

The synthesis of NCs was first carried out by direct synthesis starting from a silver 

precursor that was reduced in the presence of LA-P5 and TPP ligands (Scheme 5.3a). 

ESI-MS measurements to assign a molecular formula for the cluster were not successful 

and thus matrix-assisted laser desorption ionization (MALDI) mass spectrometry (MS) 

was employed using trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene] 

malononitrile (DCTB) as the matrix. Some NCs do not ionize by electrospray and so 

MALDI-MS is the most suitable option.99,142–146 In this case, an intense peak centered 

around 15 207 Da is displayed at the threshold laser power supporting a molecular 

formula of Ag29(LA-P5)12(TPP)2 (theoretical mass = 15 283 Da) (inset, Figure 5.3). 
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Additionally, twelve other peaks are seen at lower m/z values with varying intensity 

(Figure 5.3). All the reported Ag29 cores have twelve thiol ligands bound to it.135–

139 These peaks are separated by a fixed m/z value of circa 932. This is due to the loss of 

a single LA-P5 ligand as a result of S−C bond cleavage, which is consistent with 

previous reports on loss of ligands under laser irradiation.99,147 Our cluster is two 

phosphines short when compared to Ag29(BDT)12(TPP)43−.135 This may be due to the fact 

that the geometry and size of LA-P5 ligand are completely different than that of BDT and 

phosphines are labile and are known to dissociate during ionization. MALDI-MS of NCs 

at various laser powers were also measured in which fragmentation of the NCs is more 

pronounced at higher powers (Figure 5.4). A number of peaks from AgmSn clusters with a 

spacing of 248 Da (assigned to the loss of Ag2S) between the major peaks of the adjacent 

group of peaks were observed. The formation of AgmSn peaks at higher laser power is 

typical for NCs.99,147 Expanded view of an AgmSn peak exhibited a spacing of 32 Da 

corresponding to the loss of S.  
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Figure 5.3MALDI MS spectrum of Ag29(LA-P5)12(TPP)2. Inset showing an intense peak around 

15207.3172 Da assigned to Ag29(LA-P5)12(TPP)2. Initial characterization such as optical 

absorption spectrum suggested the possibility of Ag29 core and all the reported Ag29 cores have 12 

number of thiol ligands bound to it. Since we also used TPP as co-ligands, we added two 

phosphine ligands and reached the formula of Ag29(LA-P5)12(TPP)2 that is very close to the 

observed peak. The theoretical value for Ag29(LA-P5)12(TPP)2 stoichiometry is15283.0537 Da. 

Twelve other peaks can be seen at lower m/z, separated by a fixed m/z value of ~932 due to the 

dissociation of LA-P5 ligand (L). Twelve peaks are due to the consecutive dissociation of twelve 

LA-P5 ligands. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Figure 5.4(A) MALDI-MS of Ag29(LA-P5)12(TPP)2 at various laser powers. (B) A bunch of 

peaks due to AgmSn clusters with a spacing of 248 Da (assigned to the loss of Ag2S) between the 

major peaks of the adjacent group of peaks. (C) Expanded view of an AgmSn peak exhibited a 

spacing of 32 Da corresponding to the loss of S. Reprinted with permission from Ref. 21. 

Copyright 2019 John Wiley and Sons. 
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Interestingly, a ligand exchange-induced structure/size transformation (LEIST) synthesis 

afforded the same NCs in which pre-synthesized TPP-capped AgNCs 

([Ag18H16(TPP)10]2+) were treated with LA-P5 (Scheme 1 b). ESI-MS analysis showed a 

peak at m/z 2290 that can be assigned to the molecular formula [Ag18H16(TPP)10]2+ 

(Figure 5.5).  

 

Figure 5.5. ESI MS of [Ag18H16(TPP)10]
2+. Inset display of the expanded peak at 2290 showing 

characteristic Ag isotopic pattern, where peaks are separated by m/z 0.5, indicating a cluster 

charge of +2. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.201906740#anie201906740-fig-5001


116 

 

 

The [Ag18H16(TPP)10]2+ dispersion in methanol was green with two distinctive absorption 

features at 545 and 614 nm and a shoulder peak at 444 nm as reported previously (black 

trace, Figure 5.6).117 When LA-P5 dissolved in DCM was added to the solution under 

stirring, a clear color change from green to dark brown was observed after 5 min. Optical 

absorption spectroscopy showed a molecule-like and highly structured absorption 

spectrum confirming the formation of NCs (Figure 5.6). No spectral features for larger 

particles (i.e., plasmonic) were detected in our steady-state absorption spectra, providing 

a clear indication for the high purity of the NCs.  

 

Figure 5.6. Optical absorption spectra of original [Ag18H16(TPP)10]
2+ NCs (black trace) and 

Ag29(LA-P5)12(TPP)2 (red trace) formed after ligand exchange. Photographs of 

[Ag18H16(TPP)10]
2+ NC dispersion in methanol and Ag29(LA-P5)12(TPP)2 dispersion in DCM are 

given in the inset. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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The absorption spectra of the NCs prepared by direct synthesis (Scheme 5.3 a) and ligand 

exchange synthesis (Scheme 5.3b) are identical, which supports the formation of 

Ag29(LA-P5)12(TPP)2 (Figure 5.7). The absorption spectrum of NCs exhibited two well-

resolved peaks at 468 and 623 nm and a shoulder around 700 nm (Figure 5.7). Upon 

comparison, the absorption profile of the reported Ag29 NCs looks the same as Ag29(LA-

P5)12(TPP)2 with the peaks appearing at lower wavelengths. While, 

Ag29(LA)12
3− NCs138 exhibit absorption features at 425 and 500 nm with a shoulder 

around 330 nm, Ag29(BDT)12(TPP)43− NCs135  exhibit absorption peaks at 447 and 513 

nm. The difference in the absorption features can be attributed to the difference in the 

surface ligand chemistry.  

 

Figure 5.7. Optical absorption spectra of Ag29(LA-P5)12(TPP)2 formed through direct (black) and 

ligand exchange synthesis (red). Inset: NC dispersion formed through direct synthesis in DCM. 

Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.201906740#anie201906740-fig-5001
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Moreover, PA-capped NCs can only be formed when both LA-P5 and TPP are used as 

ligands. When LA-P5 was solely used as a ligand for NCs direct synthesis, a reddish-

brown dispersion with a broad plasmon-like band centered at 455 nm appeared (Figure 

5.8), suggesting the possibility of formation of tiny nanoparticles instead of NCs (Figure 

5.9). 

 

Figure 5.8. Optical absorption spectra of the nanomaterials formed when (A) LA-P5 and TPP 

were used, (B) LA-P5 was used, and (C) TPP was used. Corresponding particle dispersions are 

given in the inset. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Figure 5.9. TEM image showing polydisperse mixture of tiny nanoparticles formed during 

attempted NCs synthesis with only LA-P5. Reprinted with permission from Ref. 21. Copyright 

2019 John Wiley and Sons. 

 

XPS measurements were performed to understand the oxidation state of Ag as well as the 

binding nature of LA-P5 ligand on the NC (Figure 5.10). XPS survey spectrum revealed 

the presence of Ag, S, and P in the purified NCs. The expanded region of Ag displayed 

the binding energy (BE) for Ag 3d5/2 and Ag 3d3/2 at 368 and 374 eV, respectively. This 

suggests a zerovalent state of most of Ag in the NC. The BE value for S 2p3/2 at 161.7 

eV suggests thiolate binding to the NCs. The BE for unbound thiol/disulfide occurs at 

163.5–164 eV.148 
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Figure 5.10. (A) XPS survey spectrum showing the presence of the elements Ag, S and P in the 

purified NC. XPS spectra of Ag 3d (B) and S 2p (C) regions are also shown. Reprinted with 

permission from Ref. 21. Copyright 2019 John Wiley and Sons. 

 

Most of the organic soluble AgNCs reported so far lack long-term stability so while the 

majority disintegrates within several minutes, some are stable for a few days.99 Producing 

NCs with long term stability is a major goal of prospective NCs research. We checked the 

stability of Ag29(LA-P5)12(TPP)2 against that with just TPP protection 

([Ag18H16(TPP)10]2+). Both samples were stored at room temperature protected from 

light. The characteristic absorption features of Ag29(LA-P5)12(TPP)2 remained the same 

after 4 months of storage while those of [Ag18H16(TPP)10]2+ disappeared after just 3 days 

(Figure 511). Moreover, our NCs were stable up to 7 days with light exposure, which 
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makes them applicable for imaging and photocatalytic applications. This long-term 

stability of Ag29(LA-P5)12(TPP)2 is ascribed to the dithiol binding of LA-P5 as well as 

the presence of the bulky pillararene rings. 

 

 

Figure 5.11. Changes in the absorption spectra of the as prepared NCs over long period of storage 

time. Upper panel shows the absorption spectra of Ag29(LA-P5)12(TPP)2 NCs and lower panel 

shows the absorption spectra of [Ag18H16(TPP)10]
2+ NCs. Reprinted with permission from Ref. 21. 

Copyright 2019 John Wiley and Sons. 
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5.3.2 Host-guest studies of LA-P5 functionalized nanoclusters 

The luminescence of the as-prepared Ag29(LA-P5)12(TPP)2 was extremely weak and 

broadly centered at 745 nm under 468 nm excitation (Figure 512).  

 

Figure 5.12. PL emission spectra of Ag29(LA-P5)12(TPP)2 NCs at 468 nm excitation. Reprinted 

with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 

 

We reasoned that host–guest interactions with a suitable guest molecule may lead to 

enhancement in the PL of the NCs. Tuning the surface functionality of an atomically 

precise gold cluster has been successfully demonstrated using specific host–guest 

interactions between β-cyclodextrin (CD) and the ligand anchored on the cluster.149 

Primed by this prospect, the host–guest interactions of the pillararene-functionalized NCs 

were explored. Since LA-P5 can host neutral and cationic guest molecules, neutral 
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alkylamines and cationic quaternary ammonium salts were chosen as guests for the study. 

Linear alkylamines and diamines form host–guest interaction with LA-P5 owing to the 

hydrogen bonding between the amino group of the guest and the methoxyl groups of the 

host.150 On the other hand, quaternary ammonium salts form host–guest interaction with 

LA-P5 due to the cation/π interactions.151,152 Both OA150 and CTAB (Figure 5.13) are 

threaded through the P5 cavity forming a pseudo rotaxane structure with 1:1 

stoichiometry. 

 

Figure 5.13. (a) Mole ratio plot for LA-P5 and CTAB indicating a 1:1 stoichiometry. (b) The 

association constant calculated from the chemical shift changes of Hf of CTAB upon addition of 

LA-P5. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 

 

The host–guest interactions between P5 and the chosen guests were studied first by 1H 

NMR before incorporation onto NCs. The 1H NMR titration data of octylamine (OA, the 

selected alkylamine) with P5 is presented in Figure 5.14. The association constant (Ka) 

between P5 and n-octylamine is 20±2 −1 as reported in literature.150 The 1H NMR 

titration data of CTAB, the selected quaternary ammonium salt, with P5 is presented in 
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Figure 4.15 and Figure 5.16. The Ka value of CTAB with pillar[5]arene was 863±28 M−1 

(Figure 5.13b). 

 

Figure 5.14. 1H NMR titration (600 MHz, CDCl3) of octylamine against different equivalents of 

P5. Complexation with the P5 host result in the upfield shift of protons of the octylamine guest 

molecule. Different equivalents of P5 were added into a 15 mM solution of OA in CDCl3 and the 

changes in the chemical shift were monitored. With increasing amounts of P5, HA, HB and HC 

protons of OA showed upfield shift due to the shielding effect of P5. These three set of protons 

are close to the NH2 group involved in the hydrogen bonding with P5 and hence show an up-field 

shift. On the other hand, methyl protons (HH) were unchanged as they are far from the NH2 group. 

Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Figure 5.15. 1H NMR titration (600 MHz, CDCl3) of CTAB against different equivalents of P5. 

Complexation with the LA-P5 host result in the upfield shift of protons of the CTAB guest 

molecule. With the addition of different equivalents of LA-P5, Hf protons (from trimethyl group) 

and He, Hd, Hc protons (from methylene groups adjacent to trimethyl group) showed strong 

upfield shift due to the shielding effect of LA-P5 ring suggesting a host-guest complexation 

between LA-P5 and CTAB. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley 

and Sons. 
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Figure 5.16. 1H NMR titration (600 MHz, CDCl3) of CTAB against LA-P5 at 1: 1 ratio. 

Complexation with the LA-P5 host result in the upfield shift of protons of the guest and the shifts 

are marked. Both He and Hd protons split into two separate peaks. On the other hand, Ha protons 

(from methyl group) did not show any significant change in chemical shift as these protons are far 

away from the host molecules. Reprinted with permission from Ref. 21. Copyright 2019 John 

Wiley and Sons. 

 

The host–guest interaction between Ag29(LA-P5)12(TPP)2 and CTAB is presented in 

Scheme 2. The NCs precipitate was redispersed, after centrifugation, in DCM containing 

CTAB or OA and incubated overnight. The changes in the absorption features are shown 

in Figure 5.17a. While the absorption peak at 623 nm blue-shifted to 580 nm, the peak at 

468 nm became sharper and more prominent for OA-treated NCs (brown, Figure 5.17a). 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.201906740#anie201906740-fig-5002
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In addition, the dispersion color changed from greenish brown to brown. The changes in 

absorption features were more drastic for CTAB-treated NCs. The absorption peaks at 

623 and 468 nm are shifted to 490 and 430 nm, respectively, with the appearance of an 

additional peak at 330 nm (red, Figure 5.17a). The dispersion color change was more 

visible as it turned to light yellow from greenish brown. We reason that the color change 

and modifications in absorption features are due to the charge redistribution on NCs after 

the strong host–guest interactions. 

 

 

Figure 5.17. Comparison of the a) absorption and b) PL spectra of Ag29(LA-P5)12(TPP)2 before 

(black) and after host–guest interaction with OA (brown) and CTAB (red). For clarity, PL 

spectrum of Ag29(LA-P5)12(TPP)2 has been multiplied by 200 and the PL spectrum of Ag29(LA-

P5)12(TPP)2 treated with OA has been multiplied by 10. Reprinted with permission from Ref. 21. 

Copyright 2019 John Wiley and Sons. 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.201906740#anie201906740-fig-0002
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Surprising changes in the PL of the NCs were observed after host–guest interactions as 

shown in Figure 5.17b. A remarkable 30-fold PL enhancement was observed for OA 

treated NCs with peak maximum at 810 nm. On the other hand, a circa 2000-fold PL 

enhancement was observed for CTAB-treated NCs with peak maximum at 650 nm 

(Figure 5.17b). This is the highest luminescence enhancement ratio reported to date for 

atomically precise NCs. The emission was so strong that it was perceived by the naked 

eye under UV irradiation. The corresponding excitation spectra are given Figure 5.18.  

 

 

Figure 5.18. Excitation spectra of Ag29(LA-P5)12(TPP)2 before and after host-guest interaction 
with OA and CTAB. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and 

Sons. 
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The quantum yield of the NCs after host–guest interactions with CTAB was an 

impressive 17 %. A mixture of LA-P5 and OA/CTAB did not show any red emission 

proving that the emission originates from the NCs (Figure 5.19). Additionally, the TRPL 

data (Figure 5.20) for the NCs in the presence of guest molecules (CTAB and OA) show 

similar emission decays to the pristine NCs. Despite the fact that more photons are 

detected on the photodiode in the presence of guest molecules, mainly with the CTAB, all 

the kinetic traces could be fitted with bi-exponential equations with corresponding 

lifetimes of 0.7 ns (85 %) and 4.5 ns (15 %). Thus, we propose that this huge emission 

increase is due to the host–guest interactions with CTAB. This also resulted in an 

increase of the absorption coefficient of the clusters after adding the CTAB. 

 

 

Figure 5.19. PL emission spectra of LA-P5 ligands before and after treating with OA and CTAB. 

No red emission is observed confirming the emission originates from the NC. Reprinted with 

permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Figure 5.20. The TRPL data for Ag29(LA-P5)12(TPP)2 before (pink trace) and after host-guest 

interaction with OA (blue trace) and CTAB (red trace). All the kinetic traces could be fitted with 

bi-exponential equations with corresponding lifetimes of 0.7 ns (85 %) and 4.5 ns (15%). The 

TRPL data in log scale (A) and linear scale (B) are given. Reprinted with permission from Ref. 

21. Copyright 2019 John Wiley and Sons. 
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TEM images of Ag29(LA-P5)12(TPP)2 showed particles with a core size of circa 2 nm 

while TEM images of Ag29(LA-P5)12(TPP)2 after host–guest interactions with CTAB 

(Figure 5.21) and OA (Figure 5.22) showed several spherical aggregates of 100–300 nm, 

supporting the host–guest-induced emission of NCs.  

 

Figure 5.21. TEM images of Ag29(LA-P5)12(TPP)2 before and after host–guest interaction with 

CTAB. Spherical aggregations of NCs are formed after host–guest interaction. The host–guest 

interaction is reversible upon MeOH addition. Inset: Corresponding NC dispersions in DCM 

under UV light irradiation. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley 

and Sons. 
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Figure 5.22. TEM images showing spherical aggregates of NC after host-guest interactions with 

OA. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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The EDX spectrum (Figure 5.23) of the spherical aggregates showed also the presence of 

Ag. Thus, the addition of OA or CTAB results in intensive host–guest interactions 

switching on the emission characters of more clusters than in the absence of guest 

molecules.  

 

Figure 5.23. EDX spectrum showing the presence of Ag in the spherical aggregates formed after 

hostguest interaction between NC and CTAB. Reprinted with permission from Ref. 21. Copyright 

2019 John Wiley and Sons. 

 

Interestingly, the binding of CTAB to Ag29(LA-P5)12(TPP)2 is stronger than that of OA 

(Ka for CTAB is almost 43-fold higher than that for OA) causing more drastic 

enhancement in the PL. The competitive interaction of CTAB and OA with NCs was 

investigated by treating the NCs with a mixture of CTAB and OA. The changes in the 

absorption spectrum suggest that LA-P5 forms host–guest interactions with CTAB over 

OA (Figure 5.24 a). Similarly, when CTAB was added to a host–guest system of NCs 

with OA, CTAB replaces OA as suggested by the changes in the absorption spectra 
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(Figure 5.24 b). Finally, when OA was added to a host–guest system of NCs with CTAB, 

no changes in optical spectra was observed suggesting that OA cannot replace CTAB 

(Figure 5.24c). The host–guest interactions between Ag29(LA-P5)12(TPP)2 and the guest 

molecules are reversible (Figure 5.21). For example, when methanol was added to 

CTAB-treated NCs, the optical features reverted to the original NCs suggesting the 

extinction of host–guest interactions (Figure 5.25). It is well known that the cation–л 

interactions are solvent dependent and are weakened in the presence of polar solvents. 

Similar changes were observed for OA-treated NCs. 
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Figure 5.24. (a) Changes in the absorption spectrum of Ag29(LA-P5)12(TPP)2 after the addition of 

a mixture of CTAB and OA. CTAB forms host-guest interactions with NC over OA. (b) Changes 

in the absorption spectrum of Ag29(LA-P5)12(TPP)2 + OA mixture after the addition of CTAB 

where CTAB replaces OA as guest (c) Changes in the absorption spectrum of Ag29(LA-

P5)12(TPP)2 + CTAB mixture after the addition of OA. OA cannot replace CTAB as guest.  

Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Figure 5.25. Left panel display the PL and absorption (inset) spectra of NCs after CTAB addition. 

The right panel display the PL and absorption (inset) spectra of NCs+CTAB mixture after MeOH 

addition. Addition of methanol breaks all host-guest interactions between NCs and CTAB. The 

PL spectrum of NCs+CTAB mixture after MeOH addition is multiplied by 10 for visual clarity. 

Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 

 

Since the addition of guest molecules result only in host–guest interactions with LA-P5 

ligands on the NC, we do not anticipate any changes in the cluster stoichiometry. This is 

supported by the fact that the optical features revert to the original form after methanol 

addition. It could be hypothesized that the changes to the optical absorption support the 

possibility of the perturbation to the metal core. In fact, similar observation has been 

reported for Ag NCs after metal doping.131 However, the observed changes especially in 

the PL signal could be also caused by other factors including surface modification 

through ligand engineering. In addition, surface ligands play a crucial role in the optical 

properties of the NCs and thus the host–guest interaction between LA-P5 and CTAB 

results in the modification of the ligand chemistry. The addition of positively charged 

CTAB may lead to a charge redistribution on the surface of NCs, resulting in changes in 

the optical properties. In this regard, there are few reports on the dramatic changes in the 
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color of the dispersion and the optical properties of NCs after the addition of external 

molecules. For example, weak emission of the water-soluble, green-emitting 6-aza-2-

thiothymine-protected AuNCs (ATT-AuNCs) increased 34-fold after introducing l-

arginine (Arg) into the capping layer.153 In our case, we propose that more drastic 

changes in optical properties occurred after CTAB addition owing to the stronger binding 

between LA-P5 and CTAB. 

Ag29(LA-P5)12(TPP)2 were also treated with other alkylamines and diamines such as 

hexylamine, dodecaneamine, oleylamine, 1,8-diaminooctane and the changes in optical 

properties were the same as that of OA. Similarly, NCs were mixed with other 

structurally similar quaternary ammonium salts such as trimethyloctadecylammonium 

bromide, dodecyltrimethyl-ammonium bromide, and trimethyloctyl ammonium bromide. 

Irrespective of the alkane chain length, they all showed the same color change, changes in 

the absorption spectra, and huge PL enhancement in the red region (Figure 5.26). These 

observations suggest that CTAB and other structurally similar quaternary ammonium 

molecules have the perfect size to thread through the P5 cavity and form strong host–

guest interactions. On the other hand, when NCs were treated with structurally different 

quaternary ammonium molecules such as tetrakis(decyl)ammonium bromide and 

tetraoctylammonium bromide with four bulky alkane chains instead of three methyl 

groups and one longer alkane chain, the PL enhancement was only one third of that of 

CTAB-treated NCs (Figure 5.27). 
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Figure 5.26. Optical absorption spectra of NCs after the addition of CTAB (black trace), 

trimethyloctylammonium bromide (red trace), dodecyltrimethylammonium bromide (green trace) 

and trimethyloctadecylammonium bromide (blue trace). Corresponding PL spectra are given in 

the inset. Reprinted with permission from Ref. 21. Copyright 2019 John Wiley and Sons. 
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Figure 5.27. Optical absorption spectra of NCs after the addition of CTAB (black trace), 

tetrakis(decyl)ammonium bromide (red trace) and tetraoctylammonium bromide (blue trace). 

Corresponding PL spectra are given in the inset. Reprinted with permission from Ref. 21. 

Copyright 2019 John Wiley and Sons. 

 

5.3 Conclusions 

In conclusion, P5A-capped AgNCs (Ag29(LA-P5)12(TPP)2) have been prepared through a 

tailor-made copillar[5]arene ligand with dithiolate functionality. Unique changes in the 

optical properties were observed after introducing neutral alkylamine and cationic 

quaternary ammonium guest molecules to the AgNCs. While alkylamines produced a 30-

fold PL enhancement, quaternary ammonium molecules induced a circa 2000-fold PL 

enhancement that can be perceived by the naked eye. The capping by a bulky 
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macrocyclic bidentate ligand resulted in an impressive long-term storage stability of the 

NCs (4 months). Since Ag29(LA-P5)12(TPP)2 exhibit strong emission, our next step is to 

impart water solubility to these NCs for biological applications such as deep-tissue 

imaging in which far red to IR emission is in high demand. We believe this work will 

motivate further studies of host–guest chemistry on nanoclusters especially that it can be 

extended to other platforms such as gold, copper, and palladium. 
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Chapter 6: Summary and future work 
 
 

6.1 PAs for separation of alcohol isomers 

Pillar[n]arenes, first reported by Ogoshi, are a new class of macrocyclic hosts composed 

of p-dimethoxybenzene units linked by methylene bridges in the para position that 

possess a rigid symmetrical pillar-shaped cavity. Besides, they are adaptive to changes 

upon exposure to vaporized guest molecules, resulting in nonporous adaptive crystals 

(NACs) that are able to selectively adsorb guests by means of CH-, hydrogen bonding 

and - interactions, discriminating them by differences in size and shape. Moreover, 

NACS facile synthesis and thermal stability makes them interesting prospects for the 

selective separation of isomers. 

In this chapter, ethyl pillar[5]arene and ethyl pillar[6]arene were studied as molecular 

sieves for selective recognition and separation of 2-butanol and t-butanol. When exposed 

to a mixture of 2-butanol and t-butanol, ethyl pillar[5]arene adsorbs both isomers; while 

the bigger ethyl pillar[6]arene cavity displays a preferential binding towards the branched 

t-butanol. Computational simulations revealed stronger interactions between ethyl 

pillar[6]arene and t-butanol, resulting in a lower binding energy and thus a stronger host-

guest complex.  

Although the performance of ethyl pillar[5]arene and ethyl pillar[6]arene as porous 

materials for the separation of compounds is interesting, it is limited to be performed in 

vapor phase. To improve this and develop an alternative that is even less-energy 
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intensive, future experiments that study ethyl pillar[5]arene and ethyl pillar[6]arene as 

stationary phases, supported on chromatographic silica nanoparticles can be performed.  

 

6.2 PA-based organic cage 

Porous organic cages have emerged as a new class of porous materials characterized by a 

rigid structure with permanent voids and pore windows, meaning they are intrinsically 

porous and are formed by the combination of two differently shaped synthons. 

Taking advantage of the intrinsic cavity of pillar[n]arenes and their ease of 

functionalization, a new organic cage was proposed, that would result in a unique cage 

with intrinsic and extrinsic microporosity, making it of interest for gas separations and 

analytes detection. An imine pillar[5]arene-based porous organic cage was designed 

using an A1/A2 benzaldehyde-functionalized pillar[5]arene as one of the building blocks 

and tris(2-aminoethyl)amine as the another.  

Different reactions conditions for the synthesis of the pillar[5]arene-based cage were 

tested, finding the subsequent additions of a tris(2-aminoethyl)amine equivalent to a 

solution of the benzaldehyde-pillar[5]arene in chloroform, the optimum one. Due to the 

use of excess of tris(2-aminoethyl)amine for the reaction, methods to purify the cage such 

as preparative liquid chromatography, reduction and HPLC were investigated, with the 

latest one proving to be an efficient strategy.  Due to the flexibility provided by the 

tertiary amine it was not possible to crystalize the pillar[5]arene-based cage. To improve 

this, more rigid and longer imine ligands can be implemented.  
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6.3 PA as ligand for silver nanoclusters 

Ligand-protected atomically precise metal nanoclusters have gained considerable interest 

owing to their unique physical and chemical properties. However, many of the reported 

nanoclusters are weakly luminescent and thus suffer from low fluorescence quantum 

yield. In order to improve nanoclusters optical properties, strategies such as the use of co-

ligands and metal doping are implemented.  

Supramolecular macrocyclic have been employed as co-ligands, which can encapsulate a 

variety of guest molecules, bringing new and diverse properties to the nanoclusters. 

Given the electron rich and symmetric cavity of pillar[n]arenes in addition to their facile 

functionalization, makes them interesting candidates to improve the properties of 

nanoclusters.  

Here, a new pillar[5]arene monofunctionalized with lipoic acid was designed and 

implemented as co-ligand for silver nanoclusters. Taking advantage of the lipoic acid 

functionalized pillar[5]arene cavity and it ability to form host-guest complexes with 

electron-poor guests, neutral and cationic amines were chosen as guests. Particularly, 

impressive changes in the emission of the nanoclusters were observed when cetrimonium 

bromide was used as guest, driven by cation- interactions and thus aggregation-induced 

emission, resulting in 2000-fold PL enhancement and improved stability of up to 4 

months, in comparison with minutes of few days of other reported nanoclusters. To 

further improve nanoclusters stability and optical properties, the lipoic acid-pillar[5]arene 

capped silver nanoclusters could be doped with gold.  
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