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ZUSAMMENFASSUNG 
 

 

Der Förster-Resonanzenergietransfer (FRET) beschreibt den Prozess, bei dem die 

überschüssige Energie eines angeregten Donormoleküls durch nichtstrahlende Dipol-Dipol-

Kopplung auf ein nahe gelegenes, ruhendes Akzeptormolekül übertragen wird. Da sich das 

Akzeptormolekül in unmittelbarer Nähe des Donormoleküls befinden muss, ist FRET 

empfindlich gegenüber dem Abstand und der Ausrichtung zwischen Donor- und 

Akzeptormolekülen, was die Bedeutung eines definierten Systems zur Optimierung der FRET-

Effizienz unterstreicht. Die Einbindung von Nanopartikeln als Matrize bietet einen 

strategischen Vorteil bei der Immobilisierung von Akzeptor- und Donormolekülen. In dieser 

Dissertation die Verknüpfung organischer Chromophore mit einem Schichtsilikat und die 

Entwicklung von drei verschiedenen FRET-Systemen auf der Grundlage der resultierenden 

organisch-anorganischen Hybride untersucht. 

Im ersten System wurde ein Perylendiimid kovalent an die Randoberfläche von Laponit 

(Lap) als Akzeptor gebunden, gefolgt von der Assoziation eines Donor-Moleküls mit der 

basalen Oberfläche durch Ionenaustausch. Es wurde ein FRET von dem an der Basalfläche von 

Lap befindlichen Donor zu dem an die Lap-Kante gebundenen Akzeptor beobachtet. Im 

zweiten System wurden ein Naphthalindiimid-Donor und ein Perylendiimid-Akzeptor kovalent 

an die Randoberflächen von zwei separaten LAP-Teilchen gebunden. Beide Chromophore an 

den Randflächen von Lap bildeten in einem Lösungsmittelgemisch mit hohem Wassergehalt 

Aggregate, und es wurde FRET zwischen diesen randgebundenen Chromophoren beobachtet. 

Die Verwendung eines kationischen Tensids zur Bildung einer organisierten Stapelung von 

Lap-Teilchen führte zu einer günstigen Ausrichtung zwischen Donor- und Akzeptormolekülen 

für FRET, was zu einer erheblichen Steigerung der FRET-Effizienz führte. Das letzte System 

konzentrierte sich auf eine zweistufige FRET-Kaskade, bei der FRET von einem 

kantengebundenen Lap-Donor zum intermediären Donor/Akzeptor auf der basalen Oberfläche 

stattfindet, gefolgt von FRET vom intermediären Donor/Akzeptor auf der basalen Oberfläche 

zu einem anderen kovalent kantengebundenen Akzeptor. Zusätzlich zur Beobachtung von 

Kaskaden-FRET führten bestimmte Lösungsmittelzusammensetzungen zu einer erhöhten 

FRET-Effizienz. 

In dieser Dissertation wird die Synthese von chromophor-modifiziertem Lap vorgestellt 

und es werden drei verschiedene FRET-Systeme untersucht, die auf nanoskopischen 

organisch-anorganischen Hybriden basieren. Die Verwendung eines Schichtsilikattons als 

Nanomaterialvorlage mit anisotroper Oberflächenchemie ermöglicht eine vielseitige Synthese, 

die zu einer präzisen Kontrolle über die Immobilisierung organischer Chromophore für den 

Energietransfer und zu einem verbesserten Energietransfer bei einer relativ niedrigen 

Chromophorkonzentration führt. Diese Studien stellen einen neuartigen Ansatz für die 

Synthese von organisch-anorganischen hybriden Nanomaterialien mit abstimmbaren 

physikalischen und photophysikalischen Eigenschaften dar und erweitern die potenziellen 

Anwendungen von FRET und Materialien auf Nanopartikelbasis, wie etwa Leuchtdioden, 

Energiespeicher, Photovoltaik und Biosensoren. 
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ABSTRACT 
 

 

Förster resonance energy transfer (FRET) describes the transfer of excess energy from an 

excited donor molecule to a nearby acceptor molecule through nonradiative dipole-dipole 

coupling. As the acceptor molecule must be in close proximity to the donor molecule, FRET is 

sensitive to distance and orientation between donor and acceptor molecules, indicating the 

importance of a well-defined system for optimizing FRET efficiency. The incorporation of 

nanoparticles as a template provides a strategic advantage in the immobilization of both 

acceptor and donor molecules. This dissertation explores the linkage of organic chromophores 

to a layered silicate clay and the development of three distinct FRET systems based on the 

resulting organic-inorganic hybrids.  

In the first system, a perylene diimide derivative was covalently linked to the edge 

surface of Laponite (Lap) as an acceptor, followed by the association of a donor molecule to 

the basal surface via ion exchange. FRET was observed from the Lap basal surface located 

donor to the Lap edge-bound acceptor. In the second system, a naphthalene diimide donor and 

a perylene diimide acceptor were covalently linked to the edge surfaces of two separate Lap 

particles. Both chromophores at the edge surfaces of Lap formed aggregates in a solvent 

mixture with high water content, and FRET between these edge-bound chromophores, was 

observed. Employing a cationic surfactant to form organized stacking of Lap particles led to a 

favorable orientation between donor and acceptor molecules for FRET, resulting in significant 

enhancement of FRET efficiency. The final system focused on a two-step FRET cascade, 

which involved FRET from a Lap edge-bound donor to the intermediate donor/acceptor on the 

basal surface, followed by FRET from the intermediate donor/acceptor on the basal surface to 

another covalently edge-bound acceptor. In addition to the observation of cascade FRET, 

certain solvent compositions led to enhanced FRET efficiency. 

This dissertation introduces the synthesis of chromophore-modified Lap and 

investigates three distinct FRET systems based on nanoscopic organic-inorganic hybrids. The 

employment of a layered silicate clay as a nanomaterial template with anisotropic surface 

chemistry enables versatile synthesis, leading to an advance in precise control over 

immobilizing organic chromophores for energy transfer, and enhanced energy transfer at a 

relatively low chromophore concentration. These studies represent a novel approach for 

synthesizing organic-inorganic hybrid nanomaterials with tunable physical and photophysical 

properties, extending potential applications of FRET and nanoparticle-based materials, such as 

light-emitting diodes, energy storage devices, photovoltaics, and biosensors. 
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1. Introduction 
 

Organic-inorganic hybrid materials can combine the physicochemical properties of both 

organic molecules and inorganic materials, providing a strategetic advantage for expanding the 

applications of both organic and inorganic materials. Förster resonance energy transfer (FRET) 

is a crucial distance-dependent photophysical phenomenon that has been widely applied to 

study macromolecular interactions in diverse fields such as biological sensors, photovoltaics, 

and dye-sensitized solar cells. Various supramolecular templates such as organic linkers, 

polymer networks, and metal-organic frameworks have been utilized to immobilize donor-

acceptor pairs with optimal distances and orientations to achieve efficient FRET. However, 

inorganic layered clay as a template for FRET exhibits advantages in terms of versatile 

synthesis, low cost, and great physicochemical stability. This dissertation focuses on the 

attachment of organic chromophores to specific surfaces of a layered silicate clay and 

investigations of FRET building on chromophores-modified layered silicate clay.  

This chapter provides the essential theoretical background in fluorescence, organic 

chromophores, FRET, and layered silicate clays. It also introduces FRET in supramolecular 

systems and organic-inorganic systems and concludes with the motivation behind this 

dissertation. 

1.1. Fluorescence 
 

1.1.1. History of Fluorescence 

 

In 1565, the Spanish physician Nicolas Monnardes made a groundbreaking discovery when he 

observed blue light emission from an infusion of Lignum nephriticum (see Figure 1.1). This 

optical phenomenon was first introduced as luminescence in 1888 by the physicist and science 

historian Eilhardt Wiedermann. Luminescence describes the spontaneous emission of radiation 

from an electronically excited species or a vibrationally excited species not in thermal 

equilibrium with its environment, distinct from incandescence.1 Luminescence has various 

classifications based on the excitation mechanism, including electric field-induced 

electroluminescence, chemical reaction-induced chemiluminescence, ultrasound-induced 

sonoluminescence, etc.2,3 Light absorption-induced luminescence falls under the classification 

of photoluminescence, involving fluorescence, phosphorescence, and delayed fluorescence.3 
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Figure 1.1: The first reported observation of fluorescence: absorption (brown) and fluorescence 

(blue) of infusion of Lignum nephriticum due to the matlaline composition.4–6 

 

The physicist Sir George Gabriel Stokes introduced the term “Fluorescence” in 1853 at 

Cambridge. Fluorescence consists of “fluor-”, representing minerals containing calcium 

fluorite, and “-rescence” linked to the term opalescence.7,8 While pure calcium fluorite was 

found to be colorless and non-fluorescent, the observed fluorescence in Fluorspar was 

attributed to impurities of the rare-earth family.9 Stokes observed blue light emission from 

quinine sulfate solution upon the ultraviolet irritation, apart from observed transparent solution 

in the visible light. Based on this observation, Stokes stated that the emission wavelength is 

consistently longer than the exciting wavelength, and this statement was known as Stokes' 

law.3,7,8 

 

Fluorescence is categorized under photoluminescence alongside phosphorescence and 

delayed fluorescence. What distinguishes between fluorescence and phosphorescence? 

Becquerel proposed that fluorescence and phosphorescence are the same emission 

phenomenon differing primarily in the emission duration, which is short in fluorescence and 

long in phosphorescence.10 However, long-lived fluorescence with comparable decay times to 

those of short-lived phosphorescence (around 0.1 to 1μs) had been detected. Jean Perrin and 

Francis Perrin first studied and provided the theoretical distinction between fluorescence and 

phosphorescence. In essence, fluorescence emission arises from electronic transitions with 

retention of spin multiplicity, and phosphorescence emission results from electronic transitions 

involving a different spin multiplicity.11 

 

1.1.2. The Perri-Jablonski Diagram 

 

The Perri-Jablonski Diagram is frequently employed to describe the successive processes 

involved in light absorption-induced excitation of a molecule (Scheme 1.2).3,11,12 According to 

the Perri-Jablonski Diagram, electrons in a molecule at the singlet ground state S0 absorb 

energy of light and transition to higher energy singlet states, such as S1 and S2. To return to S0, 

electrons undergo various relaxation processes. One such process is internal conversion (IC), 

which describes the nonradiative transition between two electronic states with the same spin 



 

3 
 

multiplicity, for instance, from S2 to S1. The IC from S1 to S0 is significantly less efficient due 

to its large energy gap.  

 

The relaxation from S1 to S0 can also occur through the emission of photons, leading to 

the phenomenon known as fluorescence emission. Since fluorescence arises from the S1 state, 

the emission characteristics are intrinsic to the molecule and remain independent of excitation 

wavelength. According to Stokes' law, and as illustrated in the Perri-Jablonski diagram, the 

energy of fluorescence emission is lower than the absorbed energy, leading to a location of 

emission band at a longer wavelength compared to the excitation wavelength.7  

 

Intersystem crossing (ISC) describes the nonradiative transition between two 

isoenergetic vibrational levels with different spin multiplicities.13 Commonly, it involves an 

excited molecule transitioning from the S1 to the triplet state T1, followed by vibrational 

relaxation to the lowest energy level in T1. In principle, transitions between vibrational levels 

of different spin multiplicities are forbidden. However, spin-orbit coupling, which describes 

the interaction between the orbital magnetic moment and the spin magnetic moment, can be 

efficient enough to facilitate these transitions.14 For instance, in the presence of heavy atoms, 

such as bromine or platinum, spin-orbit coupling can be enhanced, resulting in efficient ISC.15 

A reverse ISC, such as from T1 to S1, can occur if their energy gap is small enough and the 

triplet lifetime is sufficiently long. This process is followed by radiative emission from S1 to S0 

with a longer lifetime, known as delayed fluorescence. This type of fluorescence is thermally 

activated, and its efficiency varies with temperature changes.13  

 

Phosphorescence arises from the radiative relaxation from triplet state T1 to singlet 

ground state S0 due to spin-orbit coupling at a low temperature or in a rigid matrix.13 Since the 

energy level of T1 is lower than that of S1, the phosphorescence emission band is located at a 

longer wavelength than the fluorescence emission band. Moreover, phosphorescence generally 

has a much longer lifetime (seconds to minutes) than fluorescence (picoseconds to nanoseconds) 

due to the involvement of triplet states and the spin-forbidden nature of electronic transitions.  
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Scheme 1.2.1: The Perri-Jablonski Diagram: IC refers to internal conversion, ISC refers to 

intersystem crossing, straight arrows upwards refer to radiative absorption, straight arrows 

downwards refer to radiative emission, and curved arrows represent nonradiative processes.13 

 

Intermolecular photophysical processes can significantly impact radiative relaxations. For 

instance, when an excited molecule collides with a heavy atom, such as a halogen atom, the 

excess energy is converted into heat to relax the molecule back to its ground state, instead of 

being released through fluorescence emission. Other intermolecular processes, such as electron 

or proton transfer, excimer or exciplex formation, and energy transfer (discussed in section 1.3) 

can also quench fluorescence emission.16  

 

 

1.1.3. The Stokes Shift 

 

As mentioned above, Stokes' law states that the fluorescence energy is always lower than the 

absorbed energy, resulting in a fluorescence emission at a longer wavelength than the excitation 

wavelength.7 Stokes Shift is defined as the energy gap between the first maximal absorption 

peak and the maximal emission peak in a fluorescence spectrum.13 This energy gap between 

excitation and fluorescence emission is attributed to the rapid decay from IC to the S1 state, 

followed by subsequent fluorescence emission to higher energy levels in the S0 state. This is 

followed by the thermalization of the excess energy to the lowest energy level in S0. 

Additionally, other factors such as solvent interaction, complex formation, or additional energy 

transfer can contribute to a larger Stokes Shift.17 

 

1.1.4. Fluorescence Lifetime and Quantum Yield 

 

Fluorescence lifetime and quantum yield are important parameters for characterizing 

fluorescent molecules. Fluorescence lifetime is defined as the average time an electron stays in 

the excited state before photoemission.17 A typical fluorescence lifetime ranges from 10-10 to 

10-7 seconds.13 The excited molecule can return to the ground state S0 through either radiative 

or nonradiative processes. Hence, the fluorescence lifetime τS of excited state S1 is given by 

equation 1.3.1:13 

 

𝜏𝑆 =
1

𝑘𝑟
𝑆 + 𝑘𝑛𝑟

𝑆
(1.3.1) 

 

Where 𝑘𝑟
𝑆  is the rate constant for radiative deactivation from S1 to S0 with fluorescence 

emission and 𝑘𝑛𝑟
𝑆  refers to the overall nonradiative rate constant from S1, involving IC to S0 

and ISC.  

 

Quantum yield, often denoted as ФF, is defined as the ratio of emitted photon numbers 

to the absorbed photon numbers, in other words, fluorescence quantum yield is the fraction of 
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excited molecules that return to the S0 with the emission of fluorescence and is given in 

equation 1.3.2:13 

 

𝛷𝐹 =
𝜅𝑟
𝑆

𝜅𝑟
𝑠 + 𝜅𝑛𝑟

𝑠 = 𝜅𝑟
𝑆𝜏𝑆 (1.3.2) 

 

In equation 1.3.2, the fluorescence quantum yield ФF is proportional to the fluorescence 

lifetime τS under conditions where there is no external perturbation. For instance, 

intermolecular interaction can introduce additional relaxation pathways beyond the 

intramolecular processes discussed above. Consequently, the proportional relationship between 

ФF and τS can be disrupted, leading to deviation in the expected change between the 

fluorescence lifetime and quantum yield.13 

 

 

1.2. Organic Chromophores 
 

A chromophore is an organic molecule capable of absorbing light.18 This section introduces 

molecular orbital transitions, followed by a discussion on the rylene diimide family, 

particularly naphthalene diimide and perylene diimide derivatives, which are the primary 

chromophores investigated in this dissertation. 

  

1.2.1. Molecular Orbital Transitions  

 

There are various molecular orbitals, such as the σ orbital, which can be formed from two s-

atomic orbitals, or the overlap of an s- and a p-atomic orbital. Two p-atomic orbitals 

overlapping laterally form a π molecular orbital. Another type of molecular orbital is the n 

orbital, which arises from nonbonding electrons located on heteroatoms, such as oxygen and 

nitrogen. Electronic transitions occur when electrons in these orbitals absorb sufficient 

energy.19 Different types of electronic transition are listed below in order of increasing energy 

gap ∆E, where * denotes the antibonding molecular orbitals (Figure 2.1.1):  
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Figure 2.1.1: Energy level diagram of different electronic transitions.15,20 

 

Planck's relation (Eq. 2.1.1) describes the energy of a virtual photon in terms of its wavelength.  

 

𝐸 = ℎ𝑣 =
ℎ𝑐

𝜆
(2.1.1) 

 

Where E (J) refers to the photon energy, h is the Planck constant (6.62× 10-34 J·s), υ is the 

photon's frequency (Hz), c is the speed of light in vacuum (3.0 × 109 m·s-1), and λ (nm) is the 

wavelength of the photon.  

 

According to Planck's relation, a photon with a higher energy has a shorter wavelength. 

A system of connected p-orbitals with delocalized electrons in a molecule, known as a 

conjugated system, decreases the π → π* transition energy gap, enabling the absorption of 

photons with longer wavelengths. 1,3-butadiene, which exhibits a conjugated system of two 

double bonds, has a maximal absorption band around 217 nm, while 1,3,5,7,9,11-

dodecahexaene, which exhibits a conjugated system of six double bonds, has a maximal 

absorption band around 364 nm.21 . Organic aromatic compounds exhibit aromaticity, which 

describes a system in which a conjugated ring of unsaturated bonds, lone pairs, or empty 

orbitals exhibits stabilization due to delocalization and resonance. This stabilization is stronger 

than that would be expected from the stabilization of conjugation alone, leading to a lower 

energy gap in the π → π* transition. As a result, fluorescent molecules often have aromatic 

structures.21,22 For instance, benzene has a maximal absorption band of around 255 nm. 

Naphthalene, consisting of a fused pair of benzene rings, has a maximal absorption band of 

around 360 nm.23–25 Other factors aside from the conjugation of double bonds and aromatic 

structures can also strongly influence the optical properties of chromophores. Involving a heavy 

atom as a substituent in a chromophore, such as Br or I, can lead to fluorescence quenching. 

This occurs due to the heavy atom favoring spin-orbit coupling, which increases the efficiency 
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of ISC. Electron-donating substituents, like OH-, or NH2, as well as electron-withdrawing 

substituents, such as C=O, also affect their optical properties.15 Additionally, chromophores 

containing heterocyclic atoms or metal complexes exhibit significant changes in their optical 

properties compared to their parent chromophores.19,21  

 

1.2.2. Rylene Diimides 

 

Rylene diimides are a class of compounds based on naphthalene units linked at the peri-

position with terminal imide groups (Figure 2.2.1).26 In contrast to other organic chromophores, 

rylene diimides exhibit not only a broad range of colors but also remarkable chemical, thermal, 

and photophysical stability.27,28 The synthesis and functionalization of rylene-based organic 

chromophores have been widely investigated over several decades due to their potential 

applications in energy storage, 29–32 biological sensors,33–35, and energy transfer.36–38 Based on 

the number of naphthalene units, rylene diimides can be specifically classified as naphthalene 

diimide (n = 1), perylene diimide (n = 2), terylene diimide (n = 3), and so forth.39 As illustrated 

in Figure 2.2.1, the energy gap between the lowest unoccupied molecular orbital (LUMO) and 

highest occupied molecular orbital (HOMO) decreases with an increasing number of 

naphthalene units. This decrease in the energy gap results in the optical band shifting to a longer 

wavelength.39  

 

 

Figure 2.2.1: Theoretical LUMO and HOMO energy levels and the structures of rylene (R) and 

rylene diimide (RD).26,39 

 

1.2.2.1. Naphthalene Diimides 

 

Naphthalene diimides (NDIs), also known as 1,4,5,8-naphthalene diimides, are generally 

synthesized from the precursor 1,4,5,8-naphthalene tetracarboxylic dianhydride (NTCDA). 

NDIs are planar, neutral, chemically stable compounds40 and they are the most basic 
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chromophores in the rylene diimides family.26 The synthesis of NDIs is illustrated in Scheme 

2.2.1.1.  

 
 

Scheme 2.2.1.1: Brief synthesis routes of symmetrical NDIs, asymmetrical NDIs, and NDIs 

with core substitutions.40–43 

 

Starting with commercially available precursor NTCDA, related symmetrical NDIs can 

be obtained with high yield through a one-pot condensation reaction with an appropriate amine 

in a high-boiling solvent, such as dimethylformamide (DMF).40,44 Jeremy Sanders' group 

developed an alternative, straightforward synthesis procedure for symmetrical NDIs using a 

microwave reactor (Scheme 2.2.1.1).45 The employment of a microwave reactor shortens the 

reaction time to 5 minutes and overcomes the limitation of pH-dependent amine choices.45 On 

the other hand, asymmetrical NDIs composed of two different imide substituents can be 

synthesized via the formation of a pH-controlled monoimide intermediate, followed by the 

addition of a second primary amine.46 Furthermore, substituents involving heteroatoms such as 

N, O, or S, at the core position 2,3,6,7 of NDIs result in tunable optical properties, first reported 

by Würthner et al. in 2002.41 A summary of synthetic routes of core-substituted NDIs is given 

in Scheme 2.2.1.1 as well. Following the method developed by Vollmann et al., NDIs with 

halogen atoms at the core positions can be obtained, allowing further functionalization, which 

can result in a broad range of colors.42,43 
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NDIs without core substitutions are normally obtained as colorless compounds and exhibit 

three structured absorption bands at 340nm, 360nm, and 380 nm, corresponding to 0-2, 0-1, 

and 0-0 transitions, respectively. The corresponding emission peaks of these transitions are 

located at 400, 430 nm, and 460nm.47,48 Studies have reported that the relative intensity ratio 

of absorption bands for 0-1 and 0-0 transitions provides aggregation information for NDIs.47 

Furthermore, modifications at core positions can tune the optical properties of NDIs, resulting 

in a wide range of colors and fluorescence emission wavelengths. Examples of core-substituted 

NDIs are shown in Figure 2.2.1.1.49  

 

 
 

Figure 2.2.1.1: HOMO (bold) and LUMO (dashed) energy levels (eV) of NDIs and core-

substituted NDIs, along with molecular structures corresponding to maximal absorption (top, 

nm) and emission band (bottom, nm).49 

 

1.2.2.2. Perylene Diimides 

 

Perylene diimides (PDIs) belong to the rylene family, composing two naphthalene units (n=2, 

Figure 2.2.1).39 Discovered by Kardos in 1913, PDIs exhibit a high degree of conjugation, and 

significant chemical, thermal, and photophysical stability.50–52 They also display a wide range 

of colors, including red, violet, and black.53 Due to their excellent photophysical properties, 

PDIs have been applied in various fields such as dye-sensitized solar cells,54–56 organic 

photovoltaics,57–59 and organic transistors.60,61  
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Similar to NDIs, the synthesis of PDIs starts from commercially available precursor 

3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA).51 Another approach to synthesizing 

PDIs is from acenaphthene, however, this method requires several reaction steps (Scheme 

2.2.2.1).50 Symmetrical PDIs can be obtained in a single-step reaction between PTCDA and an 

amine, with reaction conditions varying depending on the amine used.51,62 The synthesis of 

asymmetrical PDIs involves the intermediate perylene monoimide (PMI). As illustrated in 

Scheme 2.2.2.1, starting from PTCDA, one approach involves the synthesis of symmetrical 

PDIs followed by partial hydrolysis to obtain PMI. The subsequent step involves attaching a 

second amine to the PMI to yield asymmetrical PDIs. An alternative method involves the 

partial hydrolysis of PTCDA followed by attachment of the first amine to achieve PMI, after 

which a second amine is attached, resulting in asymmetrical PDIs.63–65 

 

Imide substituents have a minor impact on the electronic and optical properties of PDIs 

but strongly influence their solubility and aggregation behavior.50 PDIs exhibit characteristic 

absorption peaks with high absorptive coefficients (ε ≈ 105) at 458 nm, 490 nm, and 526 nm, 

correlating to the 0-2, 0-1, and 0-0 electronic transitions, respectively.66,67 The corresponding 

emission peaks of these transitions are located at 540 nm, 576 nm, and 624nm.50,68 Bay-

substituted PDIs have been introduced to tune the optical properties of PDIs. Halogen 

functionalization enables the attachment of various aryl and aryloxy groups to 1, 6, 7, and 12 

positions, resulting in a wide range of colors. Furthermore, bay substituents containing 

heteroatoms such as N, O, and S also influence the optical properties of PDIs, as shown in 

Figure 2.2.2.1.50,67 
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Scheme 2.2.2.1: Briefly summarized synthesis routes of symmetrical PDIs, asymmetrical PDIs, 

and bay-substituted PDIs.50,60,62,64,65 
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Figure 2.2.2.1: HOMO (bottom) and LUMO (top) energy levels (eV) of PDIs and bay 

substituted-PDIs, along with molecular structures and the wavelength of maximum absorption 

in nm.67,69–72 

 

 

1.2.2.3. Molecular Self-Assembly  

 

Molecular self-assembly is crucial for constructing thermodynamically stable supramolecular 

systems, spanning from the molecular scale up to millimeter dimensions, through noncovalent 

interactions. Both NDIs and PDIs tend to aggregate in an aqueous solution due to their π-π 

interaction from the aromatic core. Various factors, including solvent polarity, substituents, 

and non-covalent interactions, strongly influence their assembly behavior, leading to the 

formation of diverse building blocks.29  

 

Aggregations of chromophores in solution cause distinct changes in the absorption 

bands as compared to the monomeric species. H-type aggregation, where H stands for 

hypsochromic, is characterized by face-to-face stacking of planar molecules, leading to a blue-

shifted absorption band and fluorescence emission quenching.73–75 Conversely, J-type 

aggregation, discovered by Jelley and Scheibe independently in the 1930s, is characterized by 

head-to-tail arrangement of molecules in a concentrated solution.76–79 This type of aggregation 

results in a red-shifted, sharper absorption band and no fluorescence quenching.75,78 Normally, 

aggregation of chromophores in solution leads to emission intensity quenching, this 

phenomenon is defined as aggregation-caused quenching (ACQ). ACQ limits practical 

applications of chromophores in designing materials that require high-intensity fluorescence, 

such as in the fabrication of organic light-emitting diodes. In 2001, a new phenomenon, 

opposite to ACQ, known as aggregation-induced emission (AIE) was discovered, which 

describes the observation of much stronger emission of chromophores in an aggregate state 

than in a monomeric state.80 AIE is the consequence of two factors. One factor is the fast energy 
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dissipation by crossing a conical intersection in the monomeric state but not in the aggregate 

state, which results in low emission in the monomeric state of chromophores. The second factor 

is the weak intermolecular coupling, which leads to slow energy/charge transfers in the 

aggregate state, preventing ACQ and resulting in strong emission intensity.81 Moreover, the 

formation of excimer can lead to the observation of AIE of chromophores.82 An excimer is a 

short-lived complex formed from one excited molecule and one molecule at the ground state 

and is characterized by a red-shifted broader emission band compared to its monomer.83  

 

NDIs can form J-type aggregates in water but different substituents or solvent mixtures 

can lead to other types of aggregation of NDIs.84 Study has reported phosphonic acid-

terminated NDI exhibits strong H-bonding with melamine. The H-bonding disrupts the 

formation of J-type aggregation of NDIs, leading to a decrease in absorption band intensity and 

blue-shifted emission band.85 Moreover, it has been reported that NDIs with short alkyl-chain 

(C3) imide substituents favor the formation of H-type aggregation and with long alkyl-chain 

(C8) imide substituents favor the formation of J-type aggregation in the same solvent.86 

Another optical property exhibited by NDIs is AIE. The AIE effect of NDIs can be observed 

upon the formation of an excimer, which results in a broad emission peak with high intensity 

at 510 nm.16,38,87,88  

 

Due to the larger planar and aromatic core in PDIs compared with NDIs, PDIs exhibit 

stronger π-π interactions compared to NDIs and typically tend to form H-type aggregates. 

However, several factors, such as solvent polarity, the introduction of substituents, temperature, 

external stimuli, and intermolecular interactions, can strongly influence their aggregation 

behavior.73 Study has reported a PDI with a boronic acid imide substituent exhibits H-type 

aggregation in water. However, upon the addition of a chiral anticancer drug, this PDI exhibits 

J-type aggregation in water, due to the formation of a dynamic covalent bond between boronic 

acid and hydrogen groups of the chiral anticancer drug molecule.89 As the aggregation behavior 

of NDIs and PDIs can be easily adjusted through changing solvents, substituents, and the 

addition of extra molecules, they are great candidates for developing energy transfer systems 

that require dynamic adjustments.  

 

1.3. Electronic Energy Transfer 
 

 

Electronic energy transfer refers to the transfer of energy from an excited donor molecule to an 

acceptor molecule. If the donor and acceptor are identical, the process is termed homotransfer, 

whereas the transfer between different molecules is termed heterotransfer.90 Electronic energy 

transfer processes are classified into radiative and nonradiative, depending on whether a photon 

is involved. In classical terms, nonradiative energy transfer between two molecules is described 

as the interaction of two oscillating electric dipoles.91 Through resonance, the excited energy 

from the oscillating donor dipole is transferred to the initially resting acceptor dipole. Hence 

nonradiative energy transfer is also known as resonance energy transfer or Förster resonance 

energy transfer (FRET), named after Theodor Förster, who developed the theoretical 
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framework of resonance energy transfer between molecules.91,92 Unlike radiative energy 

transfer, nonradiative energy transfer is limited to a dipole-dipole interaction distance of up to 

approximately 10 nm. The overlap of the donor emission spectrum with the acceptor absorption 

spectrum is crucial for the occurrence of nonradiative energy transfer. However, the degree of 

optical spectral overlap is more critical for radiative energy transfer compared to nonradiative 

transfer.90,93  

 

1.2.1. Förster Resonance Energy Transfer 

 

FRET can be explained using the Perri-Jablonski diagram, as illustrated in Scheme 3.1.1. 

Initially, a donor molecule is excited from its ground state S0 to an excited singlet state S1 

through the absorption of light.13,90 IC leads to a rapid relaxation to the lowest energy level 

within S1.
13 The excess energy of the excited donor can be transferred to a nearby acceptor 

molecule through nonradiative dipole-dipole interaction, in addition to other relaxation 

processes, such as donor fluorescence emission.16 The energy transferred to the acceptor results 

in its excitation from ground state S0 to an excited singlet state S1, followed by possible 

relaxation processes, including acceptor fluorescence emission.3,13,90  

 

 

  
 

Scheme 3.1.1: The Perri-Jablonski diagram of FRET. 

 

The efficiency of FRET, denoted as E, is influenced by several factors: spectral overlap 

between donor emission and acceptor absorption, intermolecular distance, and relative 

orientations, between donor and acceptor.90,91 The Förster critical distance R0 (nm) describes 

the interaction distance between donor and acceptor at which the energy transfer efficiency is 

50%, and it is described by the following equation 3.1.1, derived by Förster: 
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𝑅0
6 =

9000(𝑙𝑛 10)𝑘2𝛷𝐷
0

128𝜋5𝑁𝑎𝑛4
𝐽 (3.1.1) 

 

Where k2 refers to the orientation factor, 𝛷𝐷
0  is the fluorescence quantum yield of the donor in 

the absence of the acceptor, n refers to the refractive index of the medium, Na (mol-1) is the 

Avogadro constant, J (nm4·M-1·cm-1) is the spectral overlap integral of donor emission and 

acceptor absorption, and is determined in equation 3.1.2: 

 

𝐽 = ∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆
4 ⅆ𝜆

∞

0

(3.1.2) 

 

Where FD refers to the normalized emission spectrum of the excited donor, and εA (m2·mol-1) 

is the absorption coefficient of the acceptor.90,93 

  

The relationship between FRET efficiency E and donor-acceptor distance r (nm) can 

be described in equation 3.1.3:  

𝐸 =
1

1 + (𝑟 𝑅0⁄ )
6

(3.1.3)
 

 

Hence, the donor-acceptor distance r can be calculated with equation 3.1.4: 

 

𝑟 = (
1

𝐸
− 1)

1 6⁄

𝑅0 (3.1.4) 

  

 

 

Through observation of donor fluorescence quenching in the presence and absence of 

the acceptor and enhancement of acceptor fluorescence upon the addition of donor in the 

steady-state fluorescence spectrum, FRET efficiency can be determined using the Förster 

equation 3.1.5:  

 

𝐸 = 1 −
𝐼

𝐼0
= 1 −

𝜏𝐷

𝜏𝐷
0

(3.1.5) 

 

Where I and I0 represent donor fluorescence intensity in the presence and absence of the 

acceptor, respectively. Additionally, FRET efficiency E can also be determined through the 

comparison of donor fluorescence lifetime in the absence 𝜏𝐷
0  (s) and the presence 𝜏𝐷 (s) of the 

acceptor, as shown in equation 3.1.5.90,94 
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1.2.2. Förster Resonance Energy Transfer in Supramolecular Systems 

 

As FRET arises from the interaction between molecules and is dependent on distance and 

orientation between the donor and acceptor, it serves as a powerful tool in analyzing the 

dynamic formation of macromolecules and their interactions. Precise control over the donor-

acceptor distance and orientation is crucial for achieving efficient FRET. There are various 

strategies to control the distance and orientation between donor and acceptor molecules for 

efficient FRET. MOFs are hybrid materials composed of chemically coordinated metal ions 

self-assembly and organic bridge ligands. On the one hand, MOFs can serve as a host for 

chromophores and provide a rigid matrix to achieve efficient FRET. For instance, a study 

reported the utilization of MOFs that entrap donors and acceptors in close proximity to develop 

FRET systems.95–97 On the other hand, a MOF self can serve as a donor or an acceptor to 

develop a FRET system within MOF assemblies.98–100 As MOFs contain metal ions, which can 

be harmful to the environment, covalent organic frameworks (COFs) have been used in the 

construction of donor-acceptor pairs with well-defined distances and angles to achieve efficient 

FRET.COFs are porous crystalline polymers with ordered structures through covalently 

bonded organic repeating units and were invented by Yaghi et al. in 2005.101 Similar to MOFs, 

COFs can serve as a host for chromophores and bring them in close proximity to develop FRET 

systems.102,103 COFs can also serve as a donor and/or an acceptor for FRET, as COFs often 

exhibit large conjugated systems, leading to efficient fluorescence emission.104,105  

 

An important branch of supramolecular systems is macrocycle-based host-guest 

chemistry. A host-guest system is generally composed of a guest molecule coordinated with a 

macrocyclic host and forming an inclusive complex through weak intermolecular interactions 

such as H-bonding, electrostatic interaction, Van der Waals forces, etc.106,107 Typical 

macrocyclic hosts such as cyclodextrins,108 calixarenes,109 cucurbiturils,110 and pillararenes111 

have been developed and widely studied in host-gust chemistry. As the host-guest system is 

driven by non-covalent forces, it is sensitive to external stimuli, such as pH, light, and 

temperature. This provides the potential of dynamic adjustments for FRET within a host-guest 

system compared to MOFs or COFs-based FRET process. Studies have reported diverse FRET 

systems within host-guest systems.106 For instance, a donor (perylene) and an acceptor (pyrene) 

were immobilized on the host (wheel) and guest (axis) of rotaxane, respectively, resulting in 

FRET due to the close proximity of the interlocked rotaxane.112 Moreover, a host-guest system 

in which donor-acceptor pairs are covalently linked with each other as a guest can exhibit 

fluorescence switching on/off based on the interaction between host and guest, leading to the 

presence and absence of FRET process.113  

 

Supramolecular polymers containing repeating units are connected via non-covalent 

interactions, similar to the driving forces in host-guest systems. As non-covalent interactions 

are weak compared to covalent bonds, supramolecular polymers exhibit flexibility and 

adaptivity upon external stimuli, making them advantageous platforms for developing FRET 

systems.114 Donors and acceptors can be covalently and non-covalently attached to polymer 

chains for the FRET process.115,116 As the conformation of chromophore-labeled polymer 

chains changes, the distance and orientations between donor and acceptor will be affected, 
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resulting in changes in FRET efficiency.117,118 Conversely, FRET has been applied as a tool to 

understand the assembly mechanism and kinetics of aggregates in supramolecular polymer 

systems.119,120 

 

Supramolecular system-based FRET, such as in MOFs and COFs, exhibits an 

advantage in the formation of donor-acceptor pairs with well-defined distances and orientations. 

Moreover, FRET in host-guest systems and supramolecular polymers demonstrates high 

flexibility, allowing for dynamic adjustments. However, such supramolecular systems also 

display a few limitations, such as the requirement of multiple synthesis steps, a high ratio of 

chromophores, and a lack of physical and chemical stability for FRET. The employment of 

inorganic nanoparticles for FRET provides an alternative strategy for achieving efficient FRET 

and will be discussed in the following section. 

 

1.2.3. Förster Resonance Energy Transfer in Organic-Inorganic Hybrids 

 

Introducing an inorganic nanoparticle template to the FRET system is a strategy that has been 

developed over the past decades to optimize energy transfer.121 Hybrid systems, comprising 

inorganic nanoparticles and organic chromophores, offer several advantages, including optimal 

protection and stabilization of chromophores, the ability to control the ratio of various 

chromophores with different optical properties, and the potential for developing new types of 

devices such as light-harvesting devices, and light-emitting diodes.122,123 Furthermore, organic 

chromophores can be linked to nanoparticles both covalently and noncovalently, enabling 

versatile synthesis at low cost while achieving efficient FRET and expanding the potential for 

customizing hybrid systems for various applications.  

 

Various inorganic nanoparticles, such as metal nanoparticles, quantum dots, and clay 

minerals can be introduced in developing FRET. Inorganic nanoparticles such as quantum dots 

(QDs), which exhibit photoluminescence, are tiny semiconductor crystals with a size of 1-10 

nm and normally have core/shell and core/double-shell structures such as ZnSe/ZnS, ZnSe/CdS, 

and CdSe/ZnSe/ZnS.124,125 When a quantum dot is illuminated by light, electrons in the QD 

can be excited to a higher energy state and drop back to the ground state through fluorescence 

emission. The optical properties of QDs are dependent on their composition, structure, and size, 

demonstrating potential for serving as donors and/or acceptors for FRET. Studies have reported 

diverse QDs-based FRET systems, in which QDs serve as donors126,127 or acceptors128, while 

organic chromophores labeled ligands on the surface of QDs serve as acceptors or donors, 

leading to the FRET process between QDs and organic chromophores. The linkers' length 

between QDs and chromophores can strongly affect FRET efficiency besides other factors such 

as surfactant, chromophore aggregation, chromophore concentration on the surfaces of QDs, 

etc.129–131 

 

Inorganic nanoparticles which do not exhibit photoluminescence, such as clay minerals, 

can serve as a template to immobilize chromophores for FRET and provide precise control 

over donor-acceptor distances and orientations based on surface chemistry. In a clay mineral-
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based FRET system, donor and acceptor molecules can be attached to either the same surface 

or different surfaces via surface chemistry, enabling the FRET process. Studies reported FRET 

systems building on layered silicate clays involving immobilization of donor and acceptor on 

the basal surface,132–134 covalent linkages of donor on the edge surface, while the acceptor was 

attached to the basal surface via ion exchange.122 Clay mineral-based FRET systems exhibit an 

advantage in the optimization of FRET by changing either the chromophores or the layered 

silicate clay aggregations, which can be achieved by varying solvent compositions and 

concentrations of chromophores, and the introduction of extra surfactants. Moreover, due to 

the large surface areas and anisotropic surface chemistry of clay minerals, efficient FRET can 

be achieved at relatively low chromophore concentrations.  

 

1.4. Laponite 
 

This section provides an introduction to clay minerals, followed by an overview of Smectite 

clays, to which Lap belongs. It then presents a discussion about Lap, including its physical 

properties and potential for organic modification.  

 

1.4.1. Clay Minerals 

 

Georgiurs Agricola first formalized a definition of clay in 1546, which has been revised many 

times since then. Nearly five centuries later, the term “clay” was defined by the Joint 

Nomenclature Committees of the Association Internationale pour l’Etude des Argiles and the 

Clay Minerals Society as naturally occurring material composed of fine-grained minerals, 

which is generally plastic at an appropriate water content and will harden when dried or fired.135 

Clay has been used since antiquity and has become indispensable in modern living. It is the 

primary material for many types of ceramics, such as porcelain, brick, tiles, and sanitary ware. 

Additionally, clay is an essential component in industries such as plastic, paint, paper, rubber, 

and cosmetics.136 The term “clay mineral” refers to phyllosilicate minerals, and non-

phyllosilicate minerals that impart plasticity to clay and harden upon drying or firing.135 It is 

important to note that “clay” is distinct from clay mineral as it should not be used as a mineral 

term. Furthermore, clay minerals could include non-phyllosilicates, while phyllosilicates are 

the principal constituents of clay.136  

Based on the ratio of tetrahedral to octahedral sheets, clay minerals are classified into 1:1 

and 2:1 types. The 1:1 classification signifies a structure with one tetrahedral sheet paired with 

one octahedral sheet, while the 2:1 type indicates two tetrahedral sheets for one octahedral 

sheet.136 For instance, the kaolin group, which includes kaolinite, dickite, halloysite, hisingerite, 

and nacrite, belongs to the 1:1 clay category.137 The smectite group, which includes 

montmorillonite, beidellite, nontronite, saponite, and Lap, falls into the 2:1 group.138 Clay 

minerals have garnered significant interest in material science due to their excellent 
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biocompatibility, affordability, natural abundance, and diverse morphologies, leading to 

widespread exploration of their potential applications.139  

 

1.4.2. Smectites 

 

Smectites are a group of swelling clay minerals characterized by a layered structure, composed 

of various silicate sheets, including dioctahedral minerals such as montmorillonite, beidellite, 

nontronite, and trioctahedral minerals such as hectorite, sauconite, and saponite.140 As 

mentioned above, smectites belong to the 2:1 clay mineral group, involving two tetrahedral 

sheets for one octahedral sheet.141 The different types of smectite vary in chemical composition, 

involving substitutions of Al for Si in tetrahedral cation sites and the substitution of Al, Fe, Mg, 

and Li in octahedral cation sites. Additionally, cations such as H, Na, Ca, or Mg adsorb 

externally on the interlamellar surface to balance the negative charge of the basal surfaces.141 

Smectites exhibit several unique properties, such as a large chemically active surface area 

through interlayer expansion, a constant cation exchange capacity (CEC) resulting from the 

isomorphic substitution in both the octahedral and tetrahedral sheets, and a relatively small 

crystal size (<2 μm).142 Moreover, smectites demonstrate notable shrink-swell behavior, as they 

can absorb many times their weight in water, and drying cycles can lead to shrinkage in volume 

due to the removal of water trapped in the interlayer space. These properties have made 

smectites widely used in industrial applications such as ceramic, detergents, adhesives, medical 

formulations, etc.141 

The interaction of water with clay minerals is complex and is influenced by various 

factors, such as the nature of clay mineral surface, extent and location of isomorphous 

substitution, types of exchangeable cations, pH, ionic compositions of the aqueous phase, the 

overall pore size distribution, and particle size and shape.143 For instance, in Na+ exchanged 

smectites, there are five water molecules surrounding each Na+ ion while its position is 

dependent on the negative charge presented within silicate layers.144 CEC describes the 

propensity of smectite for sorbing cationic species from solution and the value of CEC can be 

expressed in milliequivalents per g clay (meq/g).145 Metal alkoxides and cationic organic 

molecules can intercalate into smectites via ion exchange. This leads to induced interlayer 

porosity and the formation of ordered vertical stacks of layered clays, which are referred to as 

pillared clays. The introduction of inorganic ions to interlayers leads to the pillaring of clays 

through the formation of solids within the interlayer via condensation. Studies have reported 

the growth of diverse metal oxides, such as ZrO2,
146,147 TiO2,

148,149 and Al2O3,
150,151 in the 

interlayer space of layered clays, which induced the growth of Y-Zeolites in the interlayer, 

resulting in the development of porous materials applied in catalysis.152 In contrast, cationic 

organic molecules such as alkylammonium-based surfactants, intercalate to the interlayers 

without forming solid phases, demonstrating a simpler formation of pillared clay and an 

increase in hydrophobicity. 145,153 The formation of pillared smectites through intercalations of 

various species provides the potential for developing materials with tailored properties for 

specific applications in material science. 
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Natural smectites are formed from the weathering of basalt, gabbro, and silica-rich 

volcanic glass.154 A typical natural smectite is the Montmorillonite (MMT) with the chemical 

formula (Na, Ca)0.3(Al, Mg)2Si4O10(OH)2· n(H2O), which was first discovered in 1847, in 

Montmorillon in the region of Vienne, France.155 Each MMT layer is around 1 nm thick and 

composed of one O-Al(Mg)-O octahedral sheet, sandwiched between two O-Si-O tetrahedral 

sheets.156 As mentioned above, smectites have been applied in many industrial applications. 

MMT is often preferred for these applications due to its specific properties, such as high surface 

area, good plasticity and viscosity, and high purity compared to other natural smectites. For 

instance, MMT is utilized in the oil drilling industry as a component of drilling mud, in order 

to keep the mud slurry viscous,157,158 Moreover, MMT serves as an effective sorbent for heavy 

metals when added to water, attracting small particles and settling to the bottom.159 While 

natural smectites such as MMT exhibit advantages in low cost and high swelling capacity, 

synthetic smectites such as Lap, which contain no mineral impurities and possess uniform 

compositions and structures, are more suitable for research purposes.  

 

1.4.3. Physical Properties of Laponite 

 

Lap is a synthetic smectite layered silicate with the chemical formula Na+
0.7 

[(Si8Mg5.5Li0.3)O20(OH)4]
−

0.7. Each layer is composed of one octahedral sheet containing a 

magnesium ion at its center and bounded by O and OH groups, sandwiched between two 

tetrahedral silicate sheets (Figure 4.3.1). Isomorphic substitution of some octahedral Mg atoms 

with Li results in an intrinsic negative charge, which is balanced by sodium ions associated 

with the basal surfaces.160 Disc-shaped Lap particles have an average diameter of 

approximately 25 nm and a thickness of 0.92 nm. The molecular weight of Lap falls within the 

range of 7.1 × 105 to 9.3 × 105 g/mol, indicating an average number of 1100 ± 100 unit cells 

within a single Lap particle.161–165 When Lap is dispersed in an aqueous medium, some of the 

sodium ions in the interlayers diffuse, corresponding to the exchangeable sodium ions of Lap, 

which is the basis of its CEC. The CEC of Lap has been reported to be in the range of 0.55-0.8 

mequiv/g, this value corresponds to around 450 exchangeable sodium ions per Lap particle. 

Furthermore, dispersion of Lap in water, with a pH in the range between 3 to 10, will increase 

to a pH of 10.4. This increase in pH is due to the dissociation of OH- ions at the edge surface 

of Lap.164 
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Figure 4.3.1: (a) Schematic of a single Lap particle in an aqueous medium. (b) Atomic 

arrangement in the unit cell of Lap: octahedral sheet (O) between two tetrahedral sheets (T) 

coordinated with interlayer sodium atoms (I).164 

 

Lap particles are stacked parallel to each other in a dry state and undergo swelling and 

exfoliation when introduced in an aqueous medium. At concentrations below 2% (w/w), Lap 

dispersions exhibit aging times spanning months to years, eventually manifesting in two 

distinct physical states. These states comprise a gel mixed with clay-poor and clay-rich 

domains (CLAP ≤ 1% w/w) and an equilibrium gel state characterized by a “house of cards” 

structure (1% w/w < CLAP < 2% w/w).166,167 The aggregation behavior of Lap platelets in a 

dispersion can be finely adjusted by varying pH and temperature, and implementing various 

modifications of surfaces. Studies have reported that Lap platelets carry an overall negative 

charge in dispersion at pH 3 and above. Lower pH levels (< 3) lead to the formation of a 'house 

of cards' structure resulting from the negatively charged basal surface and partially positively 

charged edge surfaces. In contrast, at higher pH levels (> 11), the prevailing repulsive 

interaction between negatively charged basal surfaces resulted in more fluid Lap 

dispersion.168,169  

 

1.4.4. Organic Modification of Laponite 

 

As mentioned above, Lap acquires negative charges on its basal surface when dispersed in an 

aqueous medium and it has been reported that there are around 450 exchangeable sodium ions 

on each Lap particle. Therefore, cationic molecules can adsorb on the Lap basal surface through 

ion exchange, enabling organic modifications on the basal surface and achieving a more 

hydrophobic basal surface. Moreover, the Lap edge surface is positively charged at a low pH 

(< 3), allowing for the adsorption of ionic molecules at the edge surface. Such different 

modifications on Lap surfaces via non-covalent interactions can benefit the formation of high-
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strength hydrogel. Studies have reported the formation of hydrogel based on Lap with great 

mechanical strength,170,171 which also demonstrates self-healing properties after damage, 

resulting from the reversibility of non-covalent interactions.172 Moreover, the intercalations of 

excess cationic surfactants, such as cetyltrimethylammonium bromide (CTAB),173 

cetylpyridinium chloride,174 to the Lap interlayers, leading to the expansion of interlayer space.  

 

The free silanol groups present on the edge surface enable covalent modification through 

the formation of Si-O-Si bonds. As there are no silanol groups at the basal surface, such organic 

modification on the edge surface occurs independently from the basal surface. Studies have 

reported the covalent linkages of diverse alkoxysilanes, such as dimetyloctylmethoxysilane, 3-

azidopropyltrimethoxysilane,  aminopropyldimethylethoxysilane (APES), and 3-

aminopropyltrimethoxy silane (APTES), to the edge surface through silanol coupling. Their 

results also revealed that trialkoxysilane such as APTES can link multiple Lap sheets together, 

including pillaring, whereas monoalkoxysilane such as APES does not exhibit this 

behavior.174–176 Furthermore, such covalent modification at the edge surface enables further 

functionalizations with targeted functional groups. For instance, various organic chromophores 

have been covalently linked to the Lap edge surface through reaction with an amine-terminated 

alkoxysilane177 or click chemistry with an azido-terminated alkoxysilane,176 resulting in 

fluorescent Lap particles. Moreover, such modifications can induce additional non-covalent 

interactions, such as π-π stacking between molecules, which may disrupt the typical 'house of 

cards' structure of Lap.176 

 

Due to Lap's uniform structure, high surface area, colloidal stability, and tunable chemical 

and physical properties through modification, Lap finds widespread application across various 

industries including biomedical, cosmetics, personal care products, and food packing.167 

Organic modification on Lap surfaces can increase the hydrophobicity of Lap, enable 

encapsulation of targeted drug molecules in drug delivery, and protect drugs against 

degradation in the physiological environment. For instance, studies have reported successful 

encapsulations of the anticancer drug doxorubicin (DOX) in Lap through associations of pH-

sensitive polymers178,179 or cross-linked alginate hydrogel.180 The incorporation of Lap in 

cosmetic formulation enables the delivery of incompatible ingredients within a single 

formulation due to the ability to exchange cations.181,182 Additionally, Lap can provide an 

advantage in the solubilization of hydrophobic chromophores in water, and serve as a vehicle 

for a large number and wide range of chromophores, making Lap a great candidate for 

bioimaging.183 Studies have reported that the interactions of chromophores with Lap always 

led to spectral and intensity changes in both absorption and emission. For instance, when 

neutral Nile red is adsorbed to Lap in water, it exhibits fluorescence, whereas neutral Nile red 

is reported to be almost non-emissive in water.184 Similarly, the non-emissive crystal violet 

exhibits fluorescence upon interaction with Lap.185 
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1.5. Motivation 
 

The motivation for this dissertation lies in developing hybrid materials that combine the unique 

photophysical properties of organic chromophores with structural advances of layered silicate 

clays. Layered silicate clays, specifically Lap, possess basal and edge surfaces with different 

chemical properties, allowing for independent modifications on their basal surface and edge 

surface. This unique feature facilitates precise and targeted functionalization strategies. As 

discussed above, the free silanol groups on the Lap edge surface are accessible for covalent 

linkages of chromophores at the edge surface, and the Lap basal surface is capable of 

immobilizing chromophores via ion exchange on the Lap basal surface. The first aim of this 

dissertation is the linkages of diverse chromophores to the Lap anisotropic chemical surfaces 

to achieve organic-inorganic hybrid materials with targeted optical properties.  

 

Building upon chromophore-modified Lap, the second aim is to establish FRET 

systems by immobilizing donor and acceptor molecules either on the basal surface via ion 

exchange and/or on the edge surface via covalent bonds. Such FRET systems involving Lap as 

a template, provide a well-defined framework, allowing for precise control over the distances 

and orientations of donor and acceptor molecules. The third aim is to optimize FRET efficiency 

by dynamically adjusting the aggregation state of either Lap or the bound chromophores. NDIs 

and PDIs are good candidates as donors and acceptors in such FRET systems, as their 

aggregation states can be easily manipulated by varying solvent compositions, in addition to 

their diverse optical properties and physicochemical stability. The aggregation state of Lap can 

also be adjusted through the introduction of surfactants to form pillared Lap particles. 

 

Developing these new hybrid materials with tailored optical properties could offer 

enhanced performance in various applications, including environmental monitoring, medical 

diagnostics, and the development of new sensors. Moreover, the ability to control and modify 

anisotropic surfaces of layered silicate clays also opens up possibilities for creating 

multifunctional materials with applications beyond FRET, such as in catalysis and 

semiconductor technologies.
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2. Layered silicate edge-linked perylene diimides: Synthesis, 

self-assembly and energy transfer 
 

This Chapter has been published as: 

 Xiang, H., Valandro, S. R., & Hill, E. H. (2023). Layered silicate edge-linked perylene 

diimides: Synthesis, self-assembly and energy transfer. Journal of Colloid and Interface 

Science, 629, 300-306. 

 

In this research work, two PDIs featuring distinct ending groups were linked to the edge surface 

of Lap through a condensation reaction involving an amine group. Upon characterizations, two 

resulting hybrids exhibited dissimilar dispersibilities under identical water content conditions. 

Owing to π-π stacking of the perylene core, both hybrids displayed the formation of H-

aggregation with increasing water content. Additionally, a cationic donor was introduced to the 

basal surface of PDIs-modified Lap via ion exchange, leading to the observation of FRET from 

the basal surface located donor to the edge surface bound donor.  

This study represents a pioneering effort in synthesizing PDIs-modified Lap and 

introducing a new model of FRET on Lap, thus encouraging further exploration of utilizing 

Lap as a scaffold for constructing FRET systems. 
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1. Introduction

The functionalization of nanomaterial interfaces with spatially-
separated regions of different surface chemistry can provide ave-
nues to functionalize these regions with specific molecules as a
means to study their interactions. In particular, charge- and
energy-transfer processes at interfaces can be understood by utiliz-
ing such strategies with different organic ligands [1–3]. This strat-
egy can allow the investigation of charge and energy transfer
between conjugated organic molecules, which is of particular inter-
est for developing sensors and light-harvesting devices [4–7].While
such studies have traditionally been carried out using organic link-
ers of different sizes, the increasing use of inorganic–organic hybrid
nanomaterials toward energy and sensing applications calls for fur-
ther investigation of energy transfer between organic molecules
bound to inorganic nanomaterial interfaces [8–11].

Among conjugated organic molecules, perylene-3,4,9,10-tetra
carboxylic acid diimide derivatives (PDI) have been the focus of
recent studies, due to their excellent chemical and physical proper-
ties, such as thermal, photo, and weather stability, near-unity flu-
orescence quantum yields, and strong electron-accepting character
[12–15]. Such properties lead to wide applications such as organic
solar cells, chemo-sensor, organic photovoltaic devices, and dye
lasers [16–18]. The properties of PDI derivatives can be modified
by different functional groups. Imide substituents can change the
solubility of the PDI, and substituents on the ‘bay’-site can modify
their electronic and optical properties [12]. Furthermore, the self-
assembly of PDIs can be influenced by solvents and functional
groups, and the fluorescent properties and tunable modes of self-
assembly also make PDIs attractive for energy transfer and polar-
ized emission strategies [19–20].

Laponite (Lap) is a synthetic disc-like layered magnesiosilicate
clay with a diameter of 25 nm, a thickness of 0.92 nm, and a chem-
ical formula of Na0.7(H2O)n{(Li0.3Mg5.5)[Si8O20(OH)4]} [21]. When
Lap is dispersed in an aqueous medium, it is negatively charged
on the basal surface, with partially-positively charged edges at
neutral pH. This anisotropic surface chemistry allows the Lap basal
surface and edge sites to be independently functionalized. The
basal surface can be functionalized by cationic organic molecules
via ion exchange [22–25]. On the other hand, the Si-OH edge sites
can be covalently functionalized via silanol chemistry [6,26–28].
Felbeck et al. reported the covalent modification of Lap with differ-
ent fluorophores, such as neutral dansyl derivative and fluo-
rescamine [29]. Nakayama et al. also grafted pyrene (donor) to
the edges of a �50 nm dia. layered silicate, and adsorbed a cationic
porphyrin (acceptor) on the surface, establishing that energy trans-
fer between could be used as spectroscopic molecular ruler [6].
However, neither the functionalization of Lap with PDIs, nor
energy transfer with an edge-bound acceptor, have been reported.

Herein, the synthesis and characterization of two novel
organic–inorganic hybrids based on perylene-diimide covalently
linked onto the Lap edge are reported. Two different asymmetric
PDIs were synthesized with one end functionalized with a mono
alkoxysilane, and the other imide end terminated with either an
N-linked aspartic acid (Lap-PDIa) or an oleyl (C18H35) chain (Lap-
PDIo). The use of an amine-terminated silane allowed covalent
linkage of these PDIs to the Lap edge via silanol chemistry. The
photophysical properties of both Lap-PDI hybrids were investi-
gated, and the influence of the terminating ligand on the solvent-
induced self-assembly revealed water-induced H-aggregation due
to strong hydrophobic interactions, which was more severe in
the case of the oleyl-terminated PDI. Furthermore, the cationic flu-
orophore 40,6-diamidino-2-phenylindole (DAPI) was adsorbed on
the surface of Lap, and the fluorescence resonance energy transfer
(FRET) between DAPI and PDI was studied.
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2. Results and discussion

The synthesis of the asymmetric PDIs and their clay-bound
hybrids Lap-PDIo and Lap-PDIa is summarized in Scheme 1.
Detailed synthetic methods for Lap-PDIo and Lap-PDIa are given
in the Supporting Information. Briefly, in the synthesis of Lap-
PDIo, the key intermediate perylene monoimide terminated with
an oleyl chain (PMIo) was prepared according to the following
method: perylene-3,4,9,10-tetracarboxylic acid monoanhydride
monopotassium carboxylate was reacted with oleylamine to pro-
duce PMIo [30]. PMIo was reacted with Lap-APES to produce the
target compound Lap-PDIo [31]. The attempted preparation of
the perylene monoimide containing aspartic acid as a ligand (PMIa)
by the same method as PMIo did not yield the PMIa product,
instead mostly the dianhydride was formed. In order to obtain
the target compound Lap-PDIa, an intermediate PDIa was synthe-
sized, followed by partial hydrolysis with KOH to produce the PMIa
[32]. Reaction of PMIa with Lap-APES yielded Lap-PDIa [31].

Fourier-transformed Infrared Spectroscopy (FT-IR) was used to
characterize the functionalization of Lap with APES and PDIs
(Fig. 1a). All samples show peaks at 963 cm�1 and 648 cm�1, attrib-
uted to the Si-O stretching and OH bending vibrations, respec-
tively, which are characteristic of layered silicates such as Lap
[33]. By the modification of Lap with APES, a new peak can be
observed at 1255 cm�1 due to the C-N stretching vibration. The
FT-IR spectrum for Lap-PDIo display new peaks at 2848 cm�1

and 2918 cm�1 which correspond to the C-H stretching vibration
of alkanes. Lap-PDIo also shows peaks at 1687, 1641, and
1595 cm�1 which can be attributed to different modes of the N-
C=O vibration [34]. Lap-PDIa shows similar peaks for the N-C=O
modes as Lap-PDIo, in addition to a broad peak around
3300 cm�1 due to the O-H stretch. While FT-IR suggests function-
alization of Lap with PDIs was successful, further characterization
by Thermogravimetric Analysis (TGA) was carried out to further
establish the degree of functionalization (Fig. 1b). Solid state
Cross-polarization/magic angle spinning (CP/MAS) 29Si and 13C
NMR were carried out to characterize Lap-APES, Lap-PDIo and
Lap-PDIa. In the 29Si ssNMR spectra of Lap-APES, Lap-PDIo and
Lap-PDIa (Figure S1-S3), peaks at 10–20 ppm indicate the success-
ful linkage of APES to the Lap edge, whereas the peaks at �95 ppm
and at �85 ppm indicate condensed and incompletely condensed
Si in laponite, respectively [27]. In the 13C ssNMR spectrum of
Lap-APES, four peaks for carbon are shown, corresponding to the
carbons in the APES chain (Figure S4). 13C ssNMR shows a single
peak at 165.5 ppm and 162.1 ppm in Lap-PDIo (Figure S5) and
Lap-PDIa (Figure S6), respectively, corresponding to C=O carbons
adjacent to diimide N.

TGA results show that Lap by itself has a mass loss below 150 �C
due to physisorbed water, and a second mass loss which starts at
150 �C and goes beyond 700 �C, due to interlayer water molecules
in Lap particles [28,35]. For Lap-APES, two main weight losses are
observed: (i) at low temperatures (<150 �C) attributed to adsorbed
water, and (ii) in the range of �150 to �500 �C attributed to
ethoxysilane decomposition [27]. For Lap-PDIo and Lap-PDIa, a
main mass loss between �200 �C-700 �C was observed. This loss
is assigned to the decomposition of PDI linked to Lap. The mass loss
of the total organic content on Lap-PDIa and Lap-PDIo was 12.37%
and 9.38 %, respectively. Felbeck et al. have reported that the max-
imum number of reactive Si-OH groups is around 420 per particle
[29]. As the final product was obtained by stepwise functionaliza-
tion the degree of functionalization cannot be accurately deter-
mined by elemental analysis, thus TGA was used to estimate the
degree of functionalization as previously reported by Wheeler at
al. [27] The organic content of Lap-PDIo and Lap-PDIa estimated
by TGA revealed that approximately 90 units of PDIo and 270 units



Scheme 1. Simplified synthetic route for Lap-PDIo and Lap-PDIa.

Fig. 1. (a) FT-IR spectra and (b) TGA curves of Laponite, Lap-APES, Lap-PDIo and Lap-PDIa. (c) Normalized UV–Vis absorption and fluorescence emission spectra of Lap-PDIo
and Lap-PDIa (0.01 mg ml�1) in DMF.
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PDIa were linked per particle of Lap, in agreement with previous
reports. The lower number of PDI units in Lap-PDIo could be due
to steric hindrance during grafting caused by the size and steric
hindrance of the oleyl chain. The relatively low organic content
compared to Lap in the hybrids can also be observed by FT-IR,
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where the characteristic peaks of Lap are significantly stronger in
intensity than those of the attached perylenes.

The ground-state electronic properties of Lap-PDIo and Lap-
PDIa were explored by UV–vis absorption spectroscopy in DMF at
room temperature (Fig. 1c). The UV–vis spectra show similar spec-
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tral characteristics between Lap-PDIo and Lap-PDIa, with the S0-S1
electronic transition at �520 nm (�19230 cm�1) and strong vibro-
nic progressions at �485 nm (20618 cm�1) and �458 nm
(21834 cm�1). The vibronic progression has been ascribed to the
vinyl stretching mode (mC=C � 1400 cm�1) [36]. In order to rule
out the adsorption of PMI precursors, as opposed to silanol linkage
on the Lap edge, UV–Vis was used to study the adsorption of PMIo
on Lap and Lap-APES (Figure S8) compared to Lap-PDIo. The con-
centration of PMIo that was added is the same as PDIo in the
hybrid Lap-PDIo (0.01 mg/mL). PMIo is not soluble in DMF, and
the observed absorption of PMIo in presence of Lap and Lap-APES
is insignificant. On the other hand, the hybrid Lap-PDIo showed a
strong absorption band from the PDI moiety. Fluorescence emis-
sion spectra (Fig. 1c) of Lap-PDIo and Lap-PDIa show the character-
istic emission (kmax = 535 nm) and well-resolved vibronic fine
structure of PDI. Relative fluorescence quantum yields were deter-
mined (using Rhodamine B (0.31) [37] as reference) as 0.52 for Lap-
PDIo and 0.58 for Lap-PDIa, which is reduced from the near-unity
quantum yield of PDI, possibly due to the presence of aggregates
which could decrease the radiative decay rate. Time-resolved
single-photon counting was used to determine the singlet excited
state lifetimes of LapPDIo and Lap-PDIa. With excitation at
470 nm and emission monitored at 535 nm, Lap-PDIo and LapPDIa
decay monoexponentially in 4.1 and 4.2 ns, respectively.

Self-assembly of Lap-PDIo and Lap-PDIa were investigated by
UV–Vis and fluorescence spectroscopy (Fig. 2). The UV–Vis spectra
of Lap-PDIo at low content of water (0–10% v/v) show the sharp
absorption bands of PDI chromophores, suggesting little aggrega-
tion of Lap-PDIo (Fig. 2a). On the other hand, at water content
Fig. 2. (a) UV–Vis absorption and (b) fluorescence emission spectra Lap-PDIo (0.01 mg m
(d) fluorescence emission spectra of Lap-PDIa (0.01 mg ml�1), (kexc = 470 nm) in differe
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25% and above, a slightly blueshifted absorption concomitant with
reduction in absorption and loss of definition of the peaks at 520
and 485 nm is observed. This behavior is typical of aggregation
of PDI, where the chromophores are in a sandwich-type packing,
known as H-aggregation [38–39]. Fluorescence spectroscopy cor-
roborates this observation, where fluorescence quenching and loss
of the fluorescence band attributed to monomeric PDI is observed
with water contents at 25% and above (Fig. 2b). The UV–Vis
(Fig. 2c) and fluorescence spectra (Fig. 2d) for Lap-PDIa at different
percentages of water in DMF show similar behavior as Lap-PDIo,
where at low water content PDI is mostly monomeric and at
increased water content aggregation takes place. However, in the
case of Lap-PDIa, at 25% water content the fluorescence still
indicates monomeric PDI, whereas Lap-PDIo is already highly
aggregated. This behavior can be attributed to the oleyl chain of
Lap-PDIo favoring aggregation due to its hydrophobicity compared
to the N-linked aspartic acid, which is more hydrophilic. The absor-
bance spectrum of Lap-PDIa in 25% water already shows significant
broadening and reduction in peak intensity induced by aggrega-
tion, albeit not completely. While there is possibly some interpar-
ticle aggregation, the relatively high density of PDI grafted along
the Lap edge suggests that intraparticle aggregation is largely
responsible for the observed solvent-induced photophysical
changes.

In order to investigate the reversibility of the aggregation, stock
dispersions of Lap-PDIo and Lap-PDIa were prepared in 1:9 DMF/
water. In this condition, both Lap-PDIo and lap-PDIa are com-
pletely aggregated. The dispersions were then diluted to result in
different DMF:water ratios. As shown in Figure S9, the deaggrega-
l�1) (kexc = 470 nm) in different DMF/water mixtures, and (c) UV–Vis absorption and
nt DMF/water mixtures. Arrow indicates increasing water content.
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tion of Lap-PDIo is partially reversible, whereas the deaggregation
of Lap-PDIa appears completely reversible. This difference in
behavior is reasonable, due to the hydrophobicity of the oleyl ter-
minal group compared to the succinic acid group.

The anisotropic surface chemistry of Lap platelets allows the
investigation of intermolecular interactions that take place
between the edge- and face-bound molecules. To that effect, DAPI
was adsorbed to the surface of Lap-PDIo and the energy transfer
between DAPI and PDI was evaluated. Fluorescence spectra of DAPI
in 9:1 DMF/water dispersion with excitation at 345 nm were
recorded as a function of the added Lap-PDIo (Fig. 3a). The emis-
sion band centered at 465 nm is attributed to the fluorescence of
DAPI. A decrease in DAPI fluorescence intensity with an increase
in the concentration of Lap-PDIo is observed. Moreover, the fluo-
rescence bands of Lap-PDIo are clearly observed increasing con-
comitant with the amount added (k � 535 nm). There are two
possible explanations for this decrease in fluorescence intensity:
(i) energy transfer between DAPI and Lap-PDIo and (ii) aggregation
of DAPI molecules on the surface of Lap nanoparticles. Despite
many literature reports on the aggregation of cationic dyes on lay-
ered silicate clays, no extant studies have reported the aggregation
of DAPI. Furthermore, at a high concentration of Lap-PDI, a blue
shift in the emission band of DAPI is observed. This shift may arise
from the interaction between DAPI molecules and the PDI moieties
(potentially p-p interactions between the indole and perylene), as
similar behavior has been reported for interactions of DAPI and
nucleic acids [40].
Fig. 3. (a) Fluorescence emission of mixture containing 10 lM of DAPI with different co
Lap-PDIo and Lap in 9:1 DMF/water and 1:1 DMF/water dispersions, (c) s1 as a funct
representative scheme of the energy transfer from the DAPI adsorbed on the Lap surfac
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To disentangle the influence of possible aggregation of DAPI on
Lap from the loss of DAPI fluorescence due to FRET, control exper-
iments with DAPI and pure Lap were carried out (Figure S10).
Fig. 3b shows F/F0 as a function of the concentration of Lap-PDIo
and pure Lap, in different solvent compositions. Here, F refers to
the fluorescence intensity of DAPI in the presence of Lap-PDIo or
Lap, and F0 is that of DAPI alone. A small decrease in the DAPI flu-
orescence intensity was also observed when Lap was added, sug-
gesting H-type aggregation of DAPI on the Lap basal surface.
However, the decrease in fluorescence intensity is more prominent
when Lap-PDIo is added, indicating that the main deactivation
path for the DAPI fluorescence quenching is energy transfer to
the Lap-PDIo (Fig. 3b). The energy transfer was also evaluated in
1:1 DMF/water, as this represents a state where Lap-PDIo is more
aggregated (Figure S11 and S12). A similar decrease in DAPI fluo-
rescence can be seen, however, the band for Lap-PDIo is not
observed due to the low fluorescence quantum yield in 1:1 DMF/
water dispersion.

The energy transfer efficiencies for DAPI ? Lap-PDIo ([Lap-PDI
o] = 0.091 mg/mL) were calculated from the data shown in Fig. 3
using the equation E = [1 – (Fda/Fd)] – FControl, where Fda and Fd
are the fluorescence (area under the curve at 465 nm) of donor
(DAPI) in the presence and absence of acceptor (Lap-PDIo), respec-
tively. FControl is the contribution of the DAPI aggregation from the
control experiments using Lap. FControl = 1-(FLap/Fd), where FLap and
Fd are the fluorescence (area under the curve at 465 nm) of DAPI in
the presence and absence of pure Lap, respectively. The calculated
ncentrations of Lap-PDIo in 9:1 DMF/water, (b) F/F0 as function of concentration of
ion of concentration of Lap-PDIo and Lap in 9:1 DMF/water dispersions, and (d)
e to the PDI linked on edge-surface. Image is not drawn to scale.
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energy transfer efficiency E for the Lap-PDIo mixtures are 78% in
9:1 DMF/water and 79% in 1:1 DMF/water. These results indicate
that the degree of aggregation does not affect the energy transfer
efficiency, suggesting that energy transfer occurs mainly from DAPI
to PDI on the same Lap particle.

Fluorescence lifetime measurements support the DAPI ? Lap-
PDIo energy transfer mechanism (Table S1). DAPI decays biexpo-
nentially, where the two components are attributed to different
conformers [41–42]. Comparing s1 as a function of the added
amount of Lap-PDIo and pure Lap, it is clear that the DAPI lifetimes
components get shorter as Lap-PDIo is added (Fig. 3c). Although
only s1 is shown in Fig. 3c, both s1 and s2 decrease as Lap-PDIo
is added (Table S1). This indicates a new path of excited state deac-
tivation, such as energy transfer. On the other hand, control exper-
iments where pure Lap was added instead of Lap-PDIo show a
small increase in the lifetime components, which is likely associ-
ated with the aggregation of DAPI on the surface of Lap
(Table S2) [43]. The scheme in Fig. 3d illustrates the likely energy
transfer process, where the energy transfer occurs from the DAPI
adsorbed on the surface to the PDI chromophores grafted on the
edge surface of Lap nanoparticles.
3. Conclusions

In summary, the synthesis of two organic–inorganic hybrids
based on PDI derivatives covalently linked to the edge sites of
Lap has been achieved. The hybrids Lap-PDIo and Lap-PDIa main-
tain the photophysical characteristics of the PDI chromophore,
while being granted partial water dispersibility due to Lap. While
in aqueous media the Lap-PDI hybrids aggregated due to
hydrophobic interactions between PDIs, the polarity of the termi-
nal group could alter the water dispersibility by a significant
degree, with Lap-PDIa fully dispersed and Lap-PDIo aggregated at
25% water. Moreover, energy transfer from DAPI (donor) to Lap-
PDIo (acceptor) was observed, promoted by the close proximity
of the edge-bound PDI to the face-bound DAPI.

The control over intermolecular interactions at nanomaterial
interfaces is highly relevant for future advances in organic–inor-
ganic hybrid materials. Layered silicate nanomaterials are highly
attractive due to their distinct surface chemistry, which allow
two different moieties to be placed within 10–20 nm. Collectively,
the study reported herein may enlighten research towards synthe-
sis of organic–inorganic hybrids based on organic chromophores
and layered silicates or even other layered materials, such as 2D
heterostructured semiconductors based on layered silicates [44–
46]. Although this work is primarily aimed towards perylene
diimide-based hybrids, this synthetic approach can be generalized
to other diimides such as larger rylenes and naphthalenes. Further-
more, strategies involving tuning of colloidal interactions between
the clay surface independently of those of the attached ligand may
yield interesting colloidal assemblies. Overall, this work opens a
new direction to future studies of inorganic–organic hybrids based
on perylene diimide derivatives with enhanced water dispersibility
and easily modified electronic properties. This work will advance
further design and implementation of novel semiconducting
ligands towards inorganic–organic hybrids, with potential applica-
tions in sensing and energy harvesting.
CRediT authorship contribution statement

Hongxiao Xiang: Investigation, Writing – original draft, Writing
– review & editing. Silvano R. Valandro: Investigation, Writing –
original draft, Writing – review & editing. Eric H. Hill: Conceptual-
ization, Supervision, Writing – review & editing.
305
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

This research was funded by the Deutsche Forschungsgemein-
schaft (DFG) – project ID 447787198. E.H.H. and S.V. are supported
by the Cluster of Excellence ‘‘Advanced Imaging of Matter” of the
DFG—EXC 2056—project ID 390715994. This research was funded
in part by the DAAD from the funds of German Federal Ministry
of Education and Research (BMBF), under the MOPGA-GRI program
(57565165). We gratefully acknowledge the central measurement
facilities of the Chemistry Department of the University of Ham-
burg for providing elemental analysis and access to NMR equip-
ment. We also gratefully acknowledge Dr. Jan Dirk Epping
(Institute of Chemistry, TU Berlin) for providing solid state NMR
characterization.
Appendix A. Supplementary data

Detailed synthetic methods, Additional fluorescence spectra
and tabulated fluorescence lifetimes from FRET experiments. Sup-
plementary data to this article can be found online at https://doi.
org/10.1016/j.jcis.2022.09.055.
References

[1] T. Shichi, K. Takagi, Clay Minerals as Photochemical Reaction Fields, J.
Photochem. Photobiol. C. J. Photochem. Photobiol. C Photochem. Rev. 1
(September) (2000) 113–130.

[2] D. Dey, D. Bhattacharjee, S. Chakraborty, S.A. Hussain, Effect of Nanoclay
Laponite and PH on the Energy Transfer between Fluorescent Dyes, J.
Photochem. Photobiol. A Chem. 252 (2013) 174–182, https://doi.org/
10.1016/j.jphotochem.2012.12.003.

[3] N. Epelde-Elezcano, E. Duque-Redondo, V. Martìnez-Martìnez, H. Manzano, I.
López-Arbeloa, Preparation, Photophysical Characterization, and Modeling of
LDS722/Laponite 2D-Ordered Hybrid Films, Langmuir 30 (33) (2014) 10112–
10117, https://doi.org/10.1021/la502081c.

[4] L. Wu, C. Huang, B.P. Emery, A.C. Sedgwick, S.D. Bull, X.P. He, H. Tian, J. Yoon, J.
L. Sessler, T.D. James, Förster Resonance Energy Transfer (FRET)-Based Small-
Molecule Sensors and Imaging Agents, Chem. Soc. Rev. 49 (15) (2020) 5110–
5139, https://doi.org/10.1039/c9cs00318e.

[5] P.M. Neema, A.M. Tomy, J. Cyriac, Chemical Sensor Platforms Based on
Fluorescence Resonance Energy Transfer (FRET) and 2D Materials, TrAC -
Trends Anal. Chem. 124 (2020), https://doi.org/10.1016/j.trac.2019.115797
115797.

[6] A. Nakayama, J. Mizuno, Y. Ohtani, T. Shimada, S. Takagi, Elucidation of the
Adsorption Distribution of Cationic Porphyrin on the Inorganic Surface by
Energy Transfer as a Molecular Ruler, J. Phys. Chem. C 122 (8) (2018) 4365–
4371, https://doi.org/10.1021/acs.jpcc.7b12104.

[7] Y. Ishida, T. Shimada, D. Masui, H. Tachibana, H. Inoue, S. Takagi, Efficient
Excited Energy Transfer Reaction in Clay/Porphyrin Complex toward an
Artificial Light-Harvesting System, J. Am. Chem. Soc. 133 (36) (2011) 14280–
14286, https://doi.org/10.1021/ja204425u.

[8] L. De Luca, G. Giacomelli, A. Porcheddu, Beckmann Rearrangement of Oximes
under Very Mild Conditions, J. Org. Chem. 67 (17) (2002) 6272–6274, https://
doi.org/10.1021/jo025960d.

[9] H.E. Song, M. Taniguchi, J.R. Diers, C. Kirmaier, D.F. Bocian, J.S. Lindsey, D.
Holten, Linker Dependence of Energy and Hole Transfer in Neutral and
Oxidized Multiporphyrin Arrays, J. Phys. Chem. B 113 (52) (2009) 16483–
16493, https://doi.org/10.1021/jp9072558.

[10] T.H. Evers, E.M.W.M. van Dongen, A.C. Faesen, E.W. Meijer, M. Merkx,
Quantitative Understanding of the Energy Transfer between Fluorescent
Proteins Connected via Flexible Peptide Linkers, Biochemistry 45 (44) (2006)
13183–13192, https://doi.org/10.1021/bi061288t.

[11] M. Gilbert, B. Albinsson, Photoinduced Charge and Energy Transfer in
Molecular Wires, Chem. Soc. Rev. 44 (4) (2015) 845–862, https://doi.org/
10.1039/c4cs00221k.

[12] C. Huang, S. Barlow, S.R. Marder, Perylene-3,4,9,10-Tetracarboxylic Acid
Diimides: Synthesis, Physical Properties, and Use in Organic Electronics, J.
Org. Chem. 76 (8) (2011) 2386–2407, https://doi.org/10.1021/jo2001963.

https://doi.org/10.1016/j.jcis.2022.09.055
https://doi.org/10.1016/j.jcis.2022.09.055
http://refhub.elsevier.com/S0021-9797(22)01630-7/h0005
http://refhub.elsevier.com/S0021-9797(22)01630-7/h0005
http://refhub.elsevier.com/S0021-9797(22)01630-7/h0005
https://doi.org/10.1016/j.jphotochem.2012.12.003
https://doi.org/10.1016/j.jphotochem.2012.12.003
https://doi.org/10.1021/la502081c
https://doi.org/10.1039/c9cs00318e
https://doi.org/10.1016/j.trac.2019.115797
https://doi.org/10.1021/acs.jpcc.7b12104
https://doi.org/10.1021/ja204425u
https://doi.org/10.1021/jo025960d
https://doi.org/10.1021/jo025960d
https://doi.org/10.1021/jp9072558
https://doi.org/10.1021/bi061288t
https://doi.org/10.1039/c4cs00221k
https://doi.org/10.1039/c4cs00221k
https://doi.org/10.1021/jo2001963


H. Xiang, S.R. Valandro and E.H. Hill Journal of Colloid and Interface Science 629 (2023) 300–306
[13] F. Würthner, Perylene Bisimide Dyes as Versatile Building Blocks for
Functional Supramolecular Architectures, Chem. Commun. 4 (14) (2004)
1564–1579, https://doi.org/10.1039/b401630k.

[14] R. Gronheid, J. Hofkens, F. Köhn, T. Weil, E. Reuther, K. Müllen, F.C. De Schryver,
Intramolecular Förster Energy Transfer in a Dendritic System at the Single
Molecule Level, J. Am. Chem. Soc. 124 (11) (2002) 2418–2419, https://doi.org/
10.1021/ja017442a.

[15] S. Tiwari, N.C. Greenham, Charge Mobility Measurement Techniques in
Organic Semiconductors, Opt. Quantum Electron. 41 (2) (2009) 69–89,
https://doi.org/10.1007/s11082-009-9323-0.

[16] E. Kozma, M. Catellani, Perylene Diimides Based Materials for Organic Solar
Cells, Dye. Pigment. 98 (1) (2013) 160–179, https://doi.org/10.1016/j.
dyepig.2013.01.020.

[17] P. Singh, A. Hirsch, S. Kumar, Perylene Diimide-Based Chemosensors Emerging
in Recent Years: From Design to Sensing, TrAC - Trends Anal. Chem. 138
(2021), https://doi.org/10.1016/j.trac.2021.116237 116237.

[18] W.S. Shin, H.H. Jeong, M.K. Kim, S.H. Jin, M.R. Kim, J.K. Lee, J.W. Lee, Y.S. Gal,
Effects of Functional Groups at Perylene Diimide Derivatives on Organic
Photovoltaic Device Application, J. Mater. Chem. 16 (4) (2006) 384–390,
https://doi.org/10.1039/b512983d.

[19] M. Hecht, P. Leowanawat, T. Gerlach, V. Stepanenko, M. Stolte, M. Lehmann, F.
Würthner, Self-Sorting Supramolecular Polymerization: Helical and Lamellar
Aggregates of Tetra-Bay-Acyloxy Perylene Bisimide, Angew. Chem. 132 (39)
(2020) 17232–17238, https://doi.org/10.1002/ange.202006744.

[20] S. Ogi, V. Stepanenko, K. Sugiyasu, M. Takeuchi, F. Würthner, Mechanism of
Self-Assembly Process and Seeded Supramolecular Polymerization of Perylene
Bisimide Organogelator, J. Am. Chem. Soc. 137 (9) (2015) 3300–3307, https://
doi.org/10.1021/ja511952c.

[21] K. Suman, Y.M. Joshi, Microstructure and Soft Glassy Dynamics of an Aqueous
Laponite Dispersion, Langmuir 34 (44) (2018) 13079–13103, https://doi.org/
10.1021/acs.langmuir.8b01830.

[22] S.R. Valandro, A.L. Poli, T.F.A. Correia, P.C. Lombardo, C.C. Schmitt,
Photophysical Behavior of Isocyanine/Clay Hybrids in the Solid State,
Langmuir 33 (4) (2017) 891–899, https://doi.org/10.1021/acs.
langmuir.6b03898.

[23] M. Grabolle, M. Starke, U. Resch-Genger, Highly Fluorescent Dye-Nanoclay
Hybrid Materials Made from Different Dye Classes, Langmuir 32 (14) (2016)
3506–3513, https://doi.org/10.1021/acs.langmuir.5b04297.

[24] R.A. Schoonheydt, L. Heughebaert, Clay Adsorbed Dyes: Methylene Blue on
Laponite, Clay Miner. 27 (1) (1992) 91–100, https://doi.org/
10.1180/claymin.1992.027.1.09.

[25] E.H. Hill, Y. Zhang, D.G. Whitten, Aggregation of Cationic P-Phenylene
Ethynylenes on Laponite Clay in Aqueous Dispersions and Solid Films, J.
Colloid Interface Sci. 449 (2015) 347–356, https://doi.org/10.1016/j.
jcis.2014.12.006.

[26] N.N. Herrera, J.M. Letoffe, J.L. Putaux, L. David, E. Bourgeat-Lami, Aqueous
Dispersions of Silane-Functionalized Laponite Clay Platelets. A First Step
toward the Elaboration of Water-Based Polymer/Clay Nanocomposites,
Langmuir 20 (5) (2004) 1564–1571, https://doi.org/10.1021/la0349267.

[27] P.A. Wheeler, J. Wang, J. Baker, L.J. Mathias, Synthesis and Characterization of
Covalently Functionalized Laponite Clay, Chem. Mater. 17 (11) (2005) 3012–
3018, https://doi.org/10.1021/cm050306a.

[28] M. Park, I.K. Shim, E.Y. Jung, J.H. Choy, Modification of External Surface of
Laponite by Silane Grafting, J. Phys. Chem. Solids 65 (2–3) (2004) 499–501,
https://doi.org/10.1016/j.jpcs.2003.10.031.

[29] T. Felbeck, K. Hoffmann, M.M. Lezhnina, U.H. Kynast, U. Resch-Genger,
Fluorescent Nanoclays: Covalent Functionalization with Amine Reactive
Dyes from Different Fluorophore Classes and Surface Group Quantification, J.
Phys. Chem. C 119 (23) (2015) 12978–12987, https://doi.org/10.1021/acs.
jpcc.5b01482.
306
[30] H. Tröster, Untersuchungen Zur Protonierung von Perylen-3,4,9,10-
Tetracarbonsäurealkalisalzen, Dye. Pigment. 4 (3) (1983) 171–177, https://
doi.org/10.1016/0143-7208(83)80015-1.

[31] L. Xu, V.R. Manda, L.E. McNamara, M.P. Jahan, H. Rathnayake, N.I. Hammer,
Covalent Synthesis of Perylenediimide-Bridged Silsesquioxane Nanoribbons
and Their Electronic Properties, RSC Adv. 4 (57) (2014) 30172–30179, https://
doi.org/10.1039/c4ra03260h.

[32] Y. Nagao, Synthesis and Properties of Perylene Pigments, Prog. Org. Coatings
31 (1–2) (1997) 43–49, https://doi.org/10.1016/S0300-9440(97)00017-9.

[33] H. Pálková, J. Madejová, M. Zimowska, E.M. Serwicka, Laponite-Derived Porous
Clay Heterostructures: II. FTIR Study of the Structure Evolution, Microporous
Mesoporous Mater. 127 (3) (2010) 237–244, https://doi.org/10.1016/j.
micromeso.2009.07.012.

[34] H.R. Cheng, Y. Qian, Intramolecular Fluorescence Resonance Energy Transfer in
a Novel PDI-BODIPY Dendritic Structure: Synthesis, Hg2+ Sensor and Living
Cell Imaging, Sens. Actuators, B Chem. 219 (2015) 57–64, https://doi.org/
10.1016/j.snb.2015.04.086.

[35] P.A. Wheeler, J. Wang, L.J. Mathias, Poly(Methyl Methacrylate)/Laponite
Nanocomposites: Exploring Covalent and Ionic Clay Modifications, Chem.
Mater. 18 (17) (2006) 3937–3945, https://doi.org/10.1021/cm0526361.

[36] E. Sebastian, M. Hariharan, Null Exciton-Coupled Chromophoric Dimer
Exhibits Symmetry-Breaking Charge Separation, J. Am. Chem. Soc. 143 (34)
(2021) 13769–13781, https://doi.org/10.1021/jacs.1c05793.

[37] D. Magde, G.E. Rojas, P.G. Seybold, Solvent Dependence of the Fluorescence
Lifetimes of Xanthene Dyes, Photochem. Photobiol. 70 (5) (1999) 737–744,
https://doi.org/10.1111/j.1751-1097.1999.tb08277.x.

[38] E. Krieg, E. Shirman, H. Weissman, E. Shimoni, S.G. Wolf, I. Pinkas, B.
Rybtchinski, Supramolecular Gel Based on a Perylene Diimide Dye: Multiple
Stimuli Responsiveness, Robustness, and Photofunction, J. Am. Chem. Soc. 131
(40) (2009) 14365–14373, https://doi.org/10.1021/ja903938g.

[39] S. Samanta, D. Chaudhuri, Suppressing Excimers in H-Aggregates of Perylene
Bisimide Folda-Dimer: Role of Dimer Conformation and Competing Assembly
Pathways, J. Phys. Chem. Lett. 8 (14) (2017) 3427–3432, https://doi.org/
10.1021/acs.jpclett.7b01338.

[40] J. Kapuscinski, DAPI: A DMA-Specific Fluorescent Probe, Biotech. Histochem.
70 (5) (1995) 220–233, https://doi.org/10.3109/10520299509108199.

[41] M.L. Barcellona, G. Cardiel, E. Gratton, Time-Resolved Fluorescence of DAPI in
Solution and Bound to Polydeoxynucleotides, Biochem. Biophys. Res.
Commun. 170 (1) (1990) 270–280, https://doi.org/10.1016/0006-291X(90)
91270-3.

[42] Y. Imai, H. Abe, T. Goto, Y. Yoshimura, S. Kushiyama, H. Matsumoto,
Orientational Ordering of Crystal Domains in Ionic Liquid Based Mixtures, J.
Phys. Chem. B 112 (32) (2008) 9841–9846, https://doi.org/10.1021/
jp8014194.

[43] D. Chaudhuri, D. Li, Y. Che, E. Shafran, J.M. Gerton, L. Zang, J.M. Lupton,
Enhancing Long-Range Exciton Guiding in Molecular Nanowires by H-
Aggregation Lifetime Engineering, Nano Lett. 11 (2) (2011) 488–492, https://
doi.org/10.1021/nl1033039.

[44] S. Jatav, K.P. Furlan, J. Liu, E.H. Hill, Heterostructured Monolayer MoS2
Nanoparticles toward Water-Dispersible Catalysts, ACS Appl. Mater. Interfaces
12 (17) (2020) 19813–19822, https://doi.org/10.1021/acsami.0c02246.

[45] J. Liu, S. Jatav, E.H. Hill, Few-Layer In2S3in Laponite Interlayers: A Colloidal
Route Toward Heterostructured Nanohybrids with Enhanced Photocatalysis,
Chem. Mater. 32 (23) (2020) 10015–10024, https://doi.org/10.1021/acs.
chemmater.0c03207.

[46] J. Liu, S. Jatav, P. Wessel, E.H. Hill, Templating Unidirectional Bismuth
Oxyiodide Crystal Growth with Layered Silicates for Enhanced
Photocatalysis, J. Phys. Chem. C 126 (10) (2022) 4975–4983, https://doi.org/
10.1021/acs.jpcc.1c10853.

https://doi.org/10.1039/b401630k
https://doi.org/10.1021/ja017442a
https://doi.org/10.1021/ja017442a
https://doi.org/10.1007/s11082-009-9323-0
https://doi.org/10.1016/j.dyepig.2013.01.020
https://doi.org/10.1016/j.dyepig.2013.01.020
https://doi.org/10.1016/j.trac.2021.116237
https://doi.org/10.1039/b512983d
https://doi.org/10.1002/ange.202006744
https://doi.org/10.1021/ja511952c
https://doi.org/10.1021/ja511952c
https://doi.org/10.1021/acs.langmuir.8b01830
https://doi.org/10.1021/acs.langmuir.8b01830
https://doi.org/10.1021/acs.langmuir.6b03898
https://doi.org/10.1021/acs.langmuir.6b03898
https://doi.org/10.1021/acs.langmuir.5b04297
https://doi.org/10.1180/claymin.1992.027.1.09
https://doi.org/10.1180/claymin.1992.027.1.09
https://doi.org/10.1016/j.jcis.2014.12.006
https://doi.org/10.1016/j.jcis.2014.12.006
https://doi.org/10.1021/la0349267
https://doi.org/10.1021/cm050306a
https://doi.org/10.1016/j.jpcs.2003.10.031
https://doi.org/10.1021/acs.jpcc.5b01482
https://doi.org/10.1021/acs.jpcc.5b01482
https://doi.org/10.1016/0143-7208(83)80015-1
https://doi.org/10.1016/0143-7208(83)80015-1
https://doi.org/10.1039/c4ra03260h
https://doi.org/10.1039/c4ra03260h
https://doi.org/10.1016/S0300-9440(97)00017-9
https://doi.org/10.1016/j.micromeso.2009.07.012
https://doi.org/10.1016/j.micromeso.2009.07.012
https://doi.org/10.1016/j.snb.2015.04.086
https://doi.org/10.1016/j.snb.2015.04.086
https://doi.org/10.1021/cm0526361
https://doi.org/10.1021/jacs.1c05793
https://doi.org/10.1111/j.1751-1097.1999.tb08277.x
https://doi.org/10.1021/ja903938g
https://doi.org/10.1021/acs.jpclett.7b01338
https://doi.org/10.1021/acs.jpclett.7b01338
https://doi.org/10.3109/10520299509108199
https://doi.org/10.1016/0006-291X(90)91270-3
https://doi.org/10.1016/0006-291X(90)91270-3
https://doi.org/10.1021/jp8014194
https://doi.org/10.1021/jp8014194
https://doi.org/10.1021/nl1033039
https://doi.org/10.1021/nl1033039
https://doi.org/10.1021/acsami.0c02246
https://doi.org/10.1021/acs.chemmater.0c03207
https://doi.org/10.1021/acs.chemmater.0c03207
https://doi.org/10.1021/acs.jpcc.1c10853
https://doi.org/10.1021/acs.jpcc.1c10853


 

32 
 

 

3. 2D Nanomaterial-Directed Molecular Aggregation and Energy 

Transfer between Edge-Bound Donor-Acceptor pairs 
 

This Chapter has been published as: 

Xiang, H., Valandro, S. R., & Hill, E. H. (2023). 2D Nanomaterial-Directed Molecular 

Aggregation and Energy Transfer between Edge-Bound Donor–Acceptor Pairs. The Journal of 

Physical Chemistry C, 127(31), 15416-15422. 

 

Following previous published work. A PDI featuring a glycol terminal group was successfully 

covalently linked to the Lap edge surface. This hybrid formed H-aggregate with increasing 

water content as well, exhibiting enhanced aqueous dispersibility compared to the two hybrids 

obtained in the previous study. Subsequently, a NDI with a glycol terminal group was 

synthesized and linked to the Lap edge surface. This NDI-based hybrid formed excimers with 

increasing water content and exhibited AIE. The emission spectrum of the NDI-based hybrid 

overlapped effectively with the absorption spectrum of the PDI-based hybrid, resulting in 

FRET from the edge-bound donor of one Lap to the edge-bound acceptor of another upon their 

mixing.  

Additionally, a cationic surfactant was introduced onto the basal surface of the hybrid, 

leading to the formation of pillared Lap discs. This structural modification resulted in enhanced 

FRET, likely due to the optimization of donor-acceptor distance and orientation. This work 

demonstrated the pioneering work of tethering NDI to Lap and developing a new PDI-based 

Lap with improved water dispersibility. FRET from the edge surface bound donor to the edge 

surface bound acceptor of Lap was observed. Furthermore, the incorporation of a cationic 

surfactant led to enhanced FRET, introducing a novel approach for optimizing FRET in a fixed 

system.
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ABSTRACT: Förster resonance energy transfer (FRET) is a phenomenon
that is observed between an excited energy donor and ground-state acceptor
in close proximity. The efficiency of FRET varies with the distance and
orientation of the donor−acceptor pair, solvent, and other competing
processes. Layered silicates, with their ability to stack in “pillars” with a
certain interlayer spacing, present a useful platform to influence the
interactions of edge-bound groups. In this study, asymmetric perylene and
naphthalene diimides were grafted to the edge of the layered silicate
Laponite, and their photophysical properties and aggregation behavior were studied in different compositions of water and
dimethylformamide. FRET was observed from naphthalene diimide- to perylene diimide-functionalized Laponite, and pillaring of
Laponite with a cationic surfactant led to significantly enhanced FRET, which was attributed to the reorientation of chromophores
due to the organized stacking of pillared particles. This study reports how ordering of the discoidal layered silicate nanoparticles into
organized stacks can tune the aggregation of edge-bound FRET pairs. This can aid in understanding donor−acceptor interactions at
the interface of anisotropic nanomaterials and improve control over the distance and orientation of donor−acceptor pairs and
resulting energy transfer processes. Furthermore, this is the first example of the attachment of naphthalene diimides to layered
silicate edge sites. This study opens the door to further studies of geometry-dependent energy flows in inorganic−organic hybrid
materials and will advance applications in sensing, energy, and molecular electronics.

■ INTRODUCTION
Förster resonance energy transfer (FRET) is a phenomenon
that occurs when a donor molecule, in an excited state,
transfers its energy to an acceptor molecule that is in close
proximity, typically within 10 nm.1,2 To observe FRET, light
emitted by the excited donor molecule must be absorbed by
the acceptor molecule, and the orientation and relative
position of the two molecules is also critical.1,3,4 Other aspects,
such as the lifetime of the excited state, competing processes
involving intermolecular quenching, electron transfer reactions,
intersystem crossing, and solvent composition will also affect
the efficiency of the energy transfer rate.5,6 Therefore,
improving the FRET efficiency of donor−acceptor systems is
crucial to expand applications, which include monitoring
protein−protein interactions,7,8 photovoltaics,9 specifically
dye-sensitized solar cells,10 and organic light-emitting
devices,11 among others. Previous studies have primarily
focused on donor−acceptor systems in which donor and
acceptor molecules are linked via organic linkers. For example,
Jia et al. used mixed organic linkers to control the distance and
orientations of donor−acceptors pairs.12 However, when the
donor−acceptor molecules are connected via organic linkers, it
is difficult to enhance the efficiency of FRET once the distance
between the donor and acceptor is fixed, thereby limiting the
possibilities for enhancement of FRET in such systems.12,13

As hybrid systems offer various avenues to regulate the
interactions between donor and acceptor molecules, layered

silicate-based hybrids represent an interesting system for
studies of FRET at solid interfaces.14−16 Nakayama et al.
investigated energy transfer from an edge-bound pyrene to a
cationic porphyrin on the basal surface of saponite, a discoidal
layered silicate with a diameter of 50 nm, which led to some
control over the aggregate structure, resulting in enhancement
of FRET.17 We recently used a layered silicate with half the
edge length of saponite, Laponite (Lap), as a template for
studying FRET between chromophores on its basal surface and
edges. Lap is a synthetic layered silicate with an anionic basal
surface and Si−OH groups on the edges.18,19 Asymmetric
perylene diimide (PDI) acceptors with different terminal
groups were covalently attached via silanol coupling at the
edges, and a cationic fluorophore was bound to the basal
surface via ionic interactions, leading to FRET from the face-
bound donor to the edge-bound acceptors.20 However, the
study of donor−acceptor interactions between molecules
bound to the edges of adjacent layered silicate platelets had
not been carried out. Furthermore, cationic surfactants can be
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used to organize layered silicates into ordered “pillars”
composed of vertically stacked particles resulting from the
binding of the cationic surfactant to adjacent basal surfaces
within the interlayer space and stabilized by the van der Waals
interactions of the surfactant backbone.21−23 Surfactant
pillaring has previously been used as a strategy to improve
molecular adsorption in the interlayer space,24,25 for the
growth of photocatalytic oxides, and more recently to direct
the confined growth of semiconductors within the interlayer
space.26−29

In this study, two different organic−inorganic hybrids were
prepared by covalently attaching perylene diimide tetra-
ethylene glycol (Lap-PDI4O) and naphthalene diimide
diglycol (Lap-NDI2O) to the Lap edge (Scheme 1). Their
optical properties and aggregation behavior were studied in
solvents with varying water and DMF content. The addition of
the Lap-PDI4O acceptor to the Lap-NDI2O donor resulted in
the energy transfer between the two hybrids. Interestingly,
significant enhancement of FRET was achieved by pillaring
Lap with the cationic surfactant cetyltrimethylammonium
bromide (CTAB), which is likely due to the ordered pillared
structure improving overlap between adjacent NDI and PDI-
modified Lap platelets. Interestingly, a DMF-rich solvent
composition was found to lead to more efficient FRET without
pillaring, whereas a water-rich solvent led to greater enhance-
ment when pillaring, likely due to altered surfactant phase
behavior in the presence of DMF. This study reports a method
to extend control over donor−acceptor distance and
orientation by alteration of the aggregation state of the
inorganic component of the hybrid separately from that of the
donor or acceptor. This suggests that control over interlayer
spacing can serve as a sort of “molecular ruler” to study FRET
processes between adjacent layered materials in a vertical stack.
This not only improved energy transfer, but such an approach
has the potential for broad applications in sensing, polarized
emission, and photovoltaics.

■ METHODS
The synthesis of two organic−inorganic hybrids, Lap-NDI2O
and Lap-PDI4O, is summarized in Scheme 1.

Briefly, to synthesize Lap-PDI4O, a symmetric tetraethyle-
neglycol-substituted perylene diimide (PDI4O) was first
synthesized according to the method described by Traeger et
al.30 Perylene-3,4,9,10-tetracarboxylic acid dianhydride was
reacted with tetraethyleneglycol monoamine in dry DMF. In
the next step, tetraethyleneglycol perylene monoimide
(PMI4O) was synthesized through partial hydrolysis of
tetraethyleneglycol perylene diimide (PDI4O) with potassium
hydroxide.31,32 Finally, PMI4O was reacted with amino-
propyldimethylethoxysilane-modified Lap (Lap-APES), yield-
ing the hybrid Lap-PDI4O.19,33 To synthesize Lap-NDI2O,
naphthalene diglycol monoimide (NMI2O) was first synthe-
sized from naphthalene tetracarboxylic acid dianhydride
according to the method described by Imato et al.34 In the
next step, NMI2O was reacted with Lap-APES to form Lap-
NDI2O following a modification of the method by Prentice et
al.35 Detailed synthetic methods and characterization details
are given in the Supporting Information.

■ RESULTS AND DISCUSSION
Following the synthesis and purification of the hybrids Lap-
NDI2O and Lap-PDI4O, Fourier-transformed infrared spec-
troscopy (FT-IR) was used to analyze the functional groups
present (Figure 1). The peaks observed at 960 and 648 cm−1

(Figure 1a) for both Lap-PDI4O and Lap-NDI2O were
attributed to the Si−O stretching of the tetrahedral layers and
O−Si−O bending modes of Lap.36 The peaks at 3683 and
3679 cm−1 were assigned to the stretching vibrations of
hydroxyl groups in Si−OH and Mg−OH, respectively. After
grafting organic molecules on the edge, a shift from 3679 to
3683 cm−1 was observed (Figure S1a), due to the formation of
Si−O−Si−C bonds on the edge surface of Lap.37 Furthermore,
the peaks at 2958 and 2929 cm−1 (Figure S1b), which
correspond to the methyl C−H stretching mode, indicated
successful coupling to the Lap edge.36,37 Additionally, a
relatively weak peak at 1350 cm−1 can be observed due to
the C−N stretching mode of imides. The peaks at 1626 and
1657 cm−1 in Lap-NDI2O (Figures 1b and S2a) and 1639 and
1689 cm−1 in Lap-PDI4O (Figures 1b and S2b) correspond to
N−C�O vibrations of rylene diimide,38,39 further indicating

Scheme 1. Synthetic Routes for Lap-PDI4O and Lap-NDI2O
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successful linkage to theLap edge. X-ray diffraction (XRD)
measurements were carried out to determine the interlayer
spacing of the hybrids (Figure S3). In comparison to APES-
modified Lap, functionalization caused a slight increase of d001,
which corresponds to the basal spacing of Lap,40 by 0.6 and 0.9
Å for NDI2O and PDI4O, respectively. This slight increase in
interlayer spacing may result from the organic molecules on
the edge bending toward the basal surface and causing steric
hindrance.

Thermogravimetric analysis (TGA) was carried out to
establish the degree of organic functionalization on Lap
(Figure S4). TGA results showed a 2.47% mass loss for grafted
perylene monoimide moieties in Lap-PDI4O from 150 to 600
°C compared to Lap-APES. Following the estimation by
Wheeler et al.,19 an estimated single Lap sheet mass of 3.2 ×
10−18 g was used and each perylene monoimide residue (at

551.5 g/mol) corresponds to 9.1 × 10−22 g after reaction with
APES, which are linked on the edge of Lap. Each Lap particle
has gained 8.1 × 10−20 g organic content, indicating that
approximately 88 perylenes are linked on the edge of Lap.
Following the same calculation with Lap-NDI2O, a mass loss
of 1.77% corresponds to approximately 102 naphthalenes on
the edge of Lap. Felbeck et al. reported that the maximum
number of reactive Si−OH groups is around 420 per particle.41

The degree of functionalization below this maximum is likely
due to the steric obstruction caused by bound perylene/
naphthalenes.

The ground-state electronic properties of Lap-PDI4O and
Lap-NDI2O were first studied via UV−vis absorption
spectroscopy in DMF at room temperature (Figures 2a,c).
Absorption spectra of Lap-PDI4O exhibited similar spectral
characteristics compared to previous Lap-PDI hybrids,20 with

Figure 1. FT-IR spectra of pristine Laponite (Lap), perylene monoimide (PMI4O), perylene diimide-modified Laponite (Lap-PDI4O),
naphthalene monoimide (NDI2O), and naphthalene diimide-modified Laponite (Lap-NDI2O).

Figure 2. (a) UV−vis absorption and (b) fluorescence emission spectra of perylene-modified Laponite (Lap-PDI4O, 0.01 mg/mL, λexc = 470 nm)
in different DMF/water mixtures, and (c) UV−vis absorption and (d) fluorescence emission spectra of naphthalene-modified Laponite (Lap-
NDI2O, 0.1 mg/mL, λexc = 350 nm) in different DMF/water mixtures. Arrow indicates increasing water content.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c04555
J. Phys. Chem. C 2023, 127, 15416−15422

15418

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c04555/suppl_file/jp3c04555_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c04555/suppl_file/jp3c04555_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04555?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c04555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the absorbance at 523 nm corresponding to S0−S1 electronic
transition and peaks at 459 and 488 nm corresponding to the
vibronic progression of vinyl stretching in perylene.42 For Lap-
NDI2O in DMF, absorption bands at 342, 361, and 382 nm of
monomeric naphthalene diimide molecules in solution were
observed, which corresponded to 0−2, 0−1, and 0−0
transitions, respectively.43 A typical emission spectrum was
observed for Lap-PDI4O, featuring a band at 535 nm and a
vibronic progression at 577 nm (Figure 2b).20 The relative
fluorescence quantum yield of Lap-PDI4O was determined to
be 0.73, utilizing rhodamine B in ethanol as a standard
(0.70).44 A weak emission signal was observed for Lap-NDI2O
in DMF, with maximum emission intensity at 392 nm, which
could be attributed to the low quantum yield of Lap-NDI2O in
DMF (Figure 2d).43,45 Quinine sulfate in 0.5 M sulfuric acid
was used as a standard (0.54) to determine the relative
fluorescence quantum yield of Lap-NDI2O, which is 0.001.
This low quantum efficiency of Lap-NDI2O in DMF is in
agreement with previously reported values for non-core-
substituted naphthalene diimides.46

UV−visible spectroscopy of Lap-PDI4O and Lap-NDI2O
dispersions at different DMF/water ratios was performed. Lap-
PDI4O (Figure 2a) exhibited a decrease in the intensity of the
absorption bands accompanied by a hypsochromic shift of the
λmax of 26 nm as the water content increased. This blue shift is
characteristic of bay-unsubstituted perylene diimides, which
indicates a predominant H-type excitonic coupling.47 The H-
type excitonic coupling is more pronounced above 75% water
content. The previous study with Lap-PDI hybrids terminated
with oleyl and aspartic acid residues showed relatively high

degrees of aggregation with 25 and 50% water content,
respectively.20 The enhancement of PDI water dispersibility in
the present study is due to the tetraethyleneglycol end-groups
of Lap-PDI4O.32 A decrease in fluorescence intensity was
observed as the water content increased (Figure 2b), which
was attributed to π−π stacking of perylene structures in an H-
type aggregate.48−50 The UV−vis spectra of Lap-NDI2O
(Figure 2c) showed slightly redshifted absorption bands and an
increase in the baseline absorbance due to scattering as the
water content increased, indicating aggregation. As the water
content increased, a new and intense band (λmax = 485 nm)
appeared in the fluorescence spectra (Figure 2d), which was
attributed to the formation of NDI excimers.43,51 Such
aggregation-induced emission is favorable for energy transfer
applications in high water content systems.52 These findings
show that the aggregation behavior of Lap-NDI2O and Lap-
PDI4O can be tuned by varying solvent compositions, which
can be utilized in applications involving energy transfer
mechanisms such as FRET.

The significant overlap between the excimer emission of
Lap-NDI2O and the absorption of Lap-PDI4O indicates that
the two hybrids are good candidates for studying energy
transfer in water-rich solvents (Figure S8). Therefore, to study
FRET between the two hybrids, Lap-NDI2O was employed as
the donor and Lap-PDI4O as the acceptor. As Lap-PDI4O was
added, a decrease in the intensity of the 485 nm excimer
emission band of Lap-NDI2O, and emission at 550 nm, typical
of Lap-PDI4O emission, was observed at solvent compositions
above 67.5% water (Figures 3a and S9). These observations
suggest energy transfer from the excimers of Lap-NDI2O to

Figure 3. (a) Fluorescence emission spectra (λexc = 350) of the donor Lap-NDI2O (0.1 mg/mL) with increasing concentration of the acceptor
Lap-PDI4O in 67.5% water. Arrow indicates increasing acceptor concentration; (b) I/I0 at 485 nm as a function of the concentration of Lap-
PDI4O in different DMF/water mixtures.

Figure 4. (a) Fluorescence emission spectra (λexc = 350 nm) of donor Lap-NDI2O (0.1 mg/mL) with increasing concentrations of acceptor Lap-
PDI4O (mg/mL) in 90% water following 24 h pillaring with 0.778 μmol CTAB; arrow indicates increasing Lap-PDI4O concentration; (b) I/I0 at
485 nm as a function of the concentration of Lap-PDI4O in 90% water with CTAB pillaring (blue) and without (black).
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Lap-PDI4O. Energy transfer efficiencies from Lap-NDI2O to
Lap-PDI4O were calculated from the data shown in Figure 3b
using the equation E = [1 − (Fda/Fd)], where Fda and Fd
represent the fluorescence intensities at 485 nm of the donor
(Lap-NDI2O) in the presence and absence of the acceptor
(Lap-PDI4O), respectively. An enhanced FRET efficiency was
observed at increased DMF concentrations, ranging from 0.47
in 90% water to 0.81 in 67.5% water content with the presence
of 5 μg/mL Lap-PDI4O. While high DMF content led to the
lower fluorescence intensity of Lap-NDI2O in the absence of
the acceptor due to reduced excimer formation, increased
FRET efficiency may result from reduced self-aggregation of
edge-bound ligands of the same platelet. Simulations have
shown that previously-studied hybrids can result in aggregate
numbers above 5 at high water contents.53

To study the effect of Lap pillaring on FRET between edge-
bound donors−acceptors, CTAB was added (0.778 μmol),
corresponding to 1.2 times the cation exchange capacity of
Lap, which was previously estimated to be 0.55−0.8 mequiv/
g.18 XRD showed that pillaring with CTAB shifted the d001
reflection to lower angles, indicating an expansion of the
interlayer to a range of spacings up to ∼2.3 nm (Figure S3). In
90% water (Figure 4b), the efficiency of FRET from Lap-
NDI2O to Lap-PDI4O is greatly enhanced after pillaring of the
hybrids with CTAB, compared with non-pillared hybrids.
Specifically, the FRET efficiency of pillared hybrids in the
presence of 5 μg/mL Lap-PDI4O in 90% water increased by
60% (Figure 4b). This is attributed to the ordered stacking of
Lap attached to NDI2O and PDI4O, which leads to a more
favorable spatial orientation of NDI2O with PDI4O molecules
at the edge of Lap, thereby enhancing FRET. Furthermore,
fluorescence lifetime measurements revealed a decrease from
an average lifetime of 9.6 ns without added Lap-PDI4O, to 7
ns with 1 μg/mL Lap-PDI4O, steadily decreasing to 3.5 ns
with 5 μg/mL Lap-PDI4O (Table S1), supporting increased
energy transfer in the pillared system.

Pillaring with CTAB appears to result in reduced “random”
aggregation of bound PDI and NDI, as indicated by the
observation of emission peaks at 394 and 415 nm,
corresponding to the NDI2O monomer,51 and at 550 and
590 nm, which correspond to the PDI4O monomer (Figure
4a).32 On the other hand, dispersions containing 67.5, 75, and
82.5% water showed an insignificant change in the FRET
efficiency comparing pillared and non-pillared systems (Figure
S10). The lack of a change of FRET efficiency upon pillaring in
a solvent with increased DMF is attributed to an increased
critical micelle concentration of the surfactant, which results in
a lower degree of CTAB adsorption on the basal surfaces of
Lap. del Mar Graciani et al. reported the critical micelle
concentration of CTAB increased from 0.925 to 3.74 μmol/
mL, as DMF content increased from 0 to 20 wt %.54 This, in
turn, would reduce the effectiveness of pillaring and thus the
influence on FRET efficiency.

■ CONCLUSIONS
In this study, hybrids composed of perylene diimide- or
naphthalene diimide-functionalized Laponite (Lap-PDI4O and
Lap-NDI2O, respectively) were synthesized via silanol
coupling of asymmetric diimides to the layered silicate edge.
The optical properties and aggregation behavior of the hybrids
in different compositions of a DMF/water mixed solvent were
investigated with absorption and fluorescence spectroscopy,
and aggregation of both hybrids was found to be affected by

the solvent composition. With increasing water content, PDIs
of Lap-PDI4O formed H-aggregates, whereas NDIs of Lap-
NDI2O formed excimers with typical aggregation-enhanced
emission from NDIs. The tetraethylene glycol terminal group
on the PDI of Lap-PDI4O improved the water dispersibility
compared to succinate or oleyl-terminated PDI-modified Lap
reported previously.20 Subsequently, FRET from Lap-NDI2O
to Lap-PDI4O was investigated by adding small amounts (1 to
5%) of the acceptor-bound Lap-PDI4O to a dispersion
containing a greater amount of donor-bound Lap. In order
to study the influence of modification of the Lap aggregation
mode on the aggregation of the edge-bound ligands, the FRET
efficiency upon pillaring of Lap by the cationic surfactant
CTAB was studied. Enhanced FRET was observed from
pillared Lap-NDI2O to Lap-PDI4O in a water-rich solvent
compared to non-pillared hybrids, which suggests that the
reorganization of the Lap aggregate structure via pillaring leads
to better overlap between the edge-bound donor and acceptor
molecules. This is likely due to the reduced formation of
“random” aggregates and the stacked nature of the pillared Lap
lending itself to interactions between adjacent donor- and
acceptor-bound Lap discs. Interestingly, when pillaring was
carried out in solvent compositions with DMF greater than
17.5%, there was no significant FRET enhancement from
pillaring due to the increased critical micelle concentration of
CTAB under these conditions.

In summary, this study establishes two organic−inorganic
hybrids composed of perylene and naphthalene diimides
bound to the edge sites of layered silicates and represents
the first example of the attachment of naphthalene diimides to
layered silicate edges. The use of ethylene glycol terminations
also provided improved aqueous dispersibility compared to
previous study. Furthermore, the capability for independent
modification of the layered silicate edges and faces provided
the means to study how pillaring of the layered silicate
template with a cationic surfactant influenced donor−acceptor
interactions via FRET. These results suggest that modification
of the interlayer spacing between the basal surfaces of pillared
layered silicates by changing surfactant or ionic strength may
provide a sort of “molecular ruler” to study how interlayer
spacing distances influence the energy transfer in such edge-
bound donor−acceptor systems.55−57 This effect may also have
potential use in highly aggregated systems to achieve efficient
FRET, which could be of particular use in applications in
photovoltaics, organic light emitting devices, and sensors.9,11,58

Future investigations should focus on designing different
organic−inorganic donor−acceptor pairs with different ten-
dencies toward aggregation and various solvent dispersibilities,
and exploring the effect of interlayer spacing on the donor−
acceptor coupling of edge-bound moieties.
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4. Cascade Förster resonance energy transfer between layered 

silicate edge-linked chromophores 
 

This Chapter has been published as: 

Xiang, H., Hill, E. H. (2024). Cascade Förster Resonance Energy Transfer Between Layered 

Silicate Edge-linked Chromophores. Journal of Colloid and Interface Science, 676, 543-550. 

 

In the previous study, NDI-modified Lap displayed AIE and served as a donor for the FRET 

process. Building on this, we utilized the NDI-modified Lap as a donor and introduced cationic 

R6G on the Lap basal surface via ion exchange as an acceptor. Moreover, a Nile red derivative 

was successfully covalently linked to the Lap edge surface, exhibiting solvatochromism upon 

the characterization, indicating solvent-tunable optical properties.  

Upon combining the hybrids containing NDIs, R6G, and Nile red derivative, a two-step 

FRET cascade from the edge surface bound NDIs to the basal surface located R6G and then to 

another edge surface bound Nile red was observed. Varying solvent composition led to 

enhanced cascade FRET. This research achieved a two-step FRET cascade system between 

modified anisotropic surfaces of Lap and introduced a novel model for Lap-based cascade 

FRET systems for future investigation.
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A B S T R A C T

Förster resonance energy transfer (FRET) serves as a critical mechanism to study intermolecular interactions and
the formation of macromolecular assemblies. Cascade FRET is a multi-step FRET process which can overcome
limitations associated with traditional single-step FRET. Herein, a novel organic–inorganic hybrid composed of a
nile red derivative attached to the edge of the layered silicate clay Laponite (Lap-NR) was used to facilitate
cascade FRET between Laponite sheets. Utilizing naphthalene-diimide edge-modified Laponite (Lap-NDI) as the
initial donor, Rhodamine 6G on the basal surface of Laponite as the first acceptor, and Lap-NR as the second
acceptor, cascade FRET was achieved. The influence of solvent composition in a DMF/water mixture on cascade
FRET was investigated, revealing that a higher water content led to an enhancement of the cascade FRET process,
which is attributed to increased aggregation-induced emission of Lap-NDI and the enhanced quantum yield of
R6G in water. This study provides a unique approach to achieve cascade FRET by taking advantage of the
anisotropic surface chemistry of a two-dimensional nanomaterial, providing a colloidally-driven alternative with
improved tunability compared to macromolecular routes. The flexibility and simplicity of this approach will
advance the state of the art of organic–inorganic hybrids for applications in optoelectronics, sensors, and hybrid
photovoltaics.
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1. Introduction

Förster resonance energy transfer (FRET) is a distance-dependent
physical optical phenomenon, that describes the energy transferred
from an excited molecule (donor) to another molecule (acceptor)
through non-radiative dipole–dipole coupling [1–4]. Unlike Dexter-type
energy transfer, which describes direct electron exchange within a sub-
nanometric distance between molecules, FRET is applied to study
longer-range molecular energy transfer, typically between 1 nm to 10
nm [5,6]. FRET serves as a powerful tool for analyzing macromolecular
interactions in diverse fields, such as biological sensors, light harvesting
in dye-sensitized solar cells, and metallic nanomaterial-involved quan-
tum information storage devices [7–13]. However, FRET efficiency is
limited when the molecule’s interaction distance exceeds 10 nm. The
molecular orientation of donor and acceptor, and aspects such as the
overlap of donor emission and acceptor absorption, and the donor
emission lifetime, also significantly impact the efficiency of FRET
[4,14]. Researchers have employed various strategies to address the
challenges inherent in FRET studies [15,16]. Supramolecular strategies
such as fluorescent amphiphile-based nanoparticles [17], macrocyclic
host–guest systems [18], and the utilization of metal coordinated scaf-
folds [19], and biomolecular scaffolds [20], have shown the potential to
address these challenges by controlling the relative distance and orien-
tation between donors and acceptors, to enhance FRET. On the other
hand, the control over donor–acceptor overlap within the backbone
structure of individual polymer chains containing both donors and ac-
ceptors has also shown promise as a method to improve FRET [21].
However, these strategies suffer from several limitations. For example,
environmental variations, such as fluctuations in pH values, changes in
salt concentrations, and mechanical stress can significantly impact the
structural stability of systems based on non-covalent interactions, such
as micellar systems [22]. On the other hand, macromolecular systems
based on covalent interactions, such as those composed of scaffolds and
polymer chains, face challenges with poor dynamic tunability of chro-
mophore interactions, complicated multi-step synthesis, which poten-
tially results in correspondingly high material costs [23,24].

The implementation of two-dimensional (2D) nanoparticle templates
to mediate donor–acceptor interactions is a promising strategy for
enhancing FRET efficiency. For instance, the immobilization of dyes on
Laponite basal surfaces through ion exchange led to an enhancement in
FRET between the two dyes [25], whereas FRET from dye-modified
Saponite sheet edges to porphyrins bound to the basal surface has
been reported [26]. The aggregation of clay nanosheets can be adjusted
to tune the energy transfer efficiency, and chromophores can be inde-
pendently attached to the anisotropic surfaces of smectite clays in the
layered silicate family [26–29]. Laponite, a disc-like silica clay with a
diameter of 25 nm and approximately 1 nm thickness, exhibits negative
charges on its basal surface and neutral or partially positive charges on
its edges when dispersed in an aqueous medium [28,30,31]. Recently,
we achieved FRET from 4′,6-Diamidino-2-phenylindole (DAPI) bound to
the basal surface to an edge-bound perylene diimide acceptor [27].
Furthermore, efficient FRET from a Laponite edge-linked naphthalene
donor to a Laponite edge-linked perylene acceptor as achieved, and the
significant role of the aggregation state of the clay sheets on FRET from
adjacent edge-bound chromophores was uncovered via the ordered
stacking of Laponite sheets due to “pillaring” with alkylammonium
surfactant [29]. However, both studies were limited to single-step FRET,
where the donor emission was limited to 600 nm or below, restricting
the range of viable donor–acceptor pairs.

Multi-step FRET, or cascade FRET, has emerged as an effective
strategy to overcome the limitations associated with intermolecular
distance and insufficient spectral overlap between two chromophores in
conventional FRET [14,32–35]. In a cascade FRET, multiple acceptors
are employed, allowing the initial excess energy from the donor to be
transferred across a broader spectral window in comparison to con-
ventional single-step FRET. By offering a greater selection of

donor–acceptor pairs and extending the permissible distances, cascade
FRET significantly broadens the applicability of FRET. Chen et al. con-
ducted a comprehensive review of cascade FRET within supramolecular
systems [16]. Various systems have been explored, with examples
including the facilitation of cascade FRET processes in supramolecular
systems through non-covalent molecular interactions. For instance,
flexible dendrimer structures have been found to promote cascade FRET
processes by preventing aggregation-induced self-quenching [36].
Conversely, the utilization of dye aggregation has been demonstrated to
create a cascade FRET system, resulting in a remarkable 200 nm shift
between the excitation and emission wavelengths [33].

Herein, we describe a two-step cascade FRET system that takes
advantage of Laponités anisotropic surface chemistry. A naphthalene
diimide-based chromophore bound to the Laponite edge (Lap-NDI) was
employed as the initial donor. Rhodamine 6G (R6G) was non-covalently
bound to the Laponite basal surface through ion exchange, acting as the
first acceptor. Then, a novel hybrid material composed of a Nile red
derivative linked to the Laponite edge (Lap-NR) was synthesized, which
serves as the second acceptor in the FRET cascade. Single-step FRET
between individual donor–acceptor pairs in this system was investi-
gated, followed by the investigation of the FRET cascade in the complete
three-component system. Furthermore, the influence of solvent
composition on cascade FRET efficiency was examined by varying the
proportions of DMF and water. This study shows that 2D nanomaterial
templates with anisotropic surface chemistry can be utilized to achieve
cascade FRET, extending the Stokes shift to near-infrared wavelengths.
The capability to independently modify the basal surface and edge of
Laponite particles with viable donor–acceptor pairs, can potentially
achieve further extension to multi-step cascade FRET. Overall, this
approach can simplify the design of energy transfer-based devices, and
advance the state of the art of organic–inorganic hybrids for sensors,
optoelectronics, and photovoltaic applications.

2. Materials and methods

Materials. Compounds were used as received without extra purifi-
cation. 3-(Diethylamino) phenol (compound 1) and rhodamine 6G
(R6G) were purchased from Sigma-Aldrich (Germany). 1,6-Dihydroxy-
naphthalene (compound 3) was purchased from ChemPUR (Germany).
Propargyl bromide (compound 5, 80 % in toluene) was purchased from
Alfa Aesar (Massachusetts, USA). Laponite-RD was obtained from BYK
Additives (Germany). Other chemicals and solvents used for synthesis
and purification are given in the Supporting Information.
Abbreviated Synthesis of Lap-NR. Lap-NDI was synthesized as re-

ported in our previous work, and was used as the first donor in the FRET
cascade herein [29]. R6G is commercially available and was directly
employed in this study without additional modification. The synthetic
route for the second acceptor Lap-NR is illustrated in Scheme 1.

In the synthesis of Lap-NR, the first step involved modifying the
Laponite edge through silane chemistry so that Si-OH groups on the
Laponite edges are modified with azide functional groups [37,38]. Nile
red derivative 6, featuring a triple bond end group, was synthesized
using commercially available compound 1 as the starting material. Click
chemistry was employed to covalently attach compound 6 onto the
Laponite edge through the formation of a triazole group [39–42]. The
comprehensive synthetic procedures and characterization of precursors,
intermediates, and products are provided in the Supporting Information.
Characterization. Fourier-transform infrared spectroscopy (FT-IR)

spectra were collected (Invenio®, Bruker, Massachusetts, USA) using a
“Golden Gate” single reflection attenuated total reflection system with
128 scans and a resolution of 4 cm− 1. Thermogravimetric analysis (TGA)
measurements were carried out from 25 ℃ to 1000 ℃ with 10 K/min
heating rate under N2 flow (20 mL/min) (TG 209F1 Libra, NETZSCH,
Bayern, Germany). 1H NMR spectroscopy was carried out using either a
Fourier HD 300 MHz NMR or an Avance I 400 MHz NMR (Bruker,
Massachusetts, USA). A Fluorescence Spectrophotometer (Cary Eclipse,
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Agilent, Santa Clara, CA, USA) was used for collecting steady-state
fluorescence spectra. UV–Vis spectra were collected on a UV − Vis
spectrometer (Cary 60, Agilent, Santa Clara, CA, USA). Time-resolved
photoluminescence measurements were performed on a FluoTime 300
fluorescence spectrometer (Picoquant, Berlin, Germany), in which the
light source was a supercontinuum laser (SuperK Fianum, NKT Pho-
tonics, Copenhagen, Denmark) which passed through a deep UV
supercontinuum extension unit (SuperK Extend-UV (DUV), NKT Pho-
tonics). Average fluorescence lifetimes were averaged over amplitudes.
Quantum yields were measured using a fluorescence spectrometer
equipped with an integrating sphere and Fluorescence V3.9 software
(Fluorolog 3, Horiba, Kyoto, Japan).
FRET experiments. Lap-NDI was dispersed in DMF and sonicated for

15 min to prepare stock solutions at a concentration of 1 mg/mL. A stock
solution of R6G at 1 mMwas dissolved in water. For the FRET study from
Lap-NDI to R6G, Lap-NDI was diluted to a concentration of 0.1 mg/mL in
a solvent mixture composed of water and DMF, with varying water
content from 37.5 % to 62.5 %. R6G (10 μM) was then prepared in a
solvent with an identical composition. The R6G solution was then added
in 0.016 µM increments to the diluted Lap-NDI dispersion, until reaching
a final concentration of 0.133 μM R6G. Fluorescence spectra were
collected with and without R6G at varying concentrations. The second
acceptor, Lap-NR, was prepared at 1 mg/mL in a similar water/DMF
mixture and sonicated for 15 min. To investigate cascade FRET, Lap-NR
was introduced in 3.3 µg/mL increments to the mixture of Lap-NDI and
R6G, until reaching a final concentration of 0.05 mg/mL Lap-NR.
Fluorescence spectra were collected with and without Lap-NR at vary-
ing concentrations, and furthermore, control experiments where un-
modified Laponite was added in lieu of Lap-NR or Lap-NDI were carried
out.

3. Results and discussion

Lap-NR was characterized by Fourier-transform infrared spectros-
copy (FT-IR) following its synthesis and purification. The results are
given in Fig. 1. Significantly intense peaks identified at 651 cm− 1 and
960 cm− 1 correspond to the Si-O-Si bending and Si-O stretching modes
in Laponite. These characteristics are observed in pristine Laponite, Lap-
N3, and Lap-NR, in contrast to Nile red precursor 6 (Fig. 1a) [43]. The
moderate peak observed at 1660 cm− 1 in Lap-NR signifies an overlap of
C––C stretching vibrations in conjugated, cyclic alkenes, and the triazole
N––N stretch [44,45]. The distinct peaks at 2106 cm− 1 and 3190 cm− 1 in
compound 6 (Fig. 2b) are attributed to the C–––C stretching and C–H
stretching modes of alkynes, respectively [39]. Notably, in Lap-N3,
There is a peak centered around 2106 cm− 1 (Fig. 2b), attributed to azide
N = N = N stretching vibration [38]. In summary, the absence of alkyne
and azide stretching vibrations, and the presence of triazole stretching in
Lap-NR compared to Lap-N3 and compound 6, indicate the successful
click chemistry reaction and the attachment of the Nile red derivative to
Laponite. Furthermore, the identification of C–H stretching at 2940
cm− 1 and 3190 cm− 1, attributed to alkane and alkene, respectively,
supports the effective attachment of organic compounds onto the inor-
ganic material Laponite (Fig. 1b) [43]. Moreover, the observed peaks at
3685 cm− 1 and 3679 cm− 1 correspond to O–H stretching vibrations of
Mg-OH and Si-OH in Laponite, respectively (Figure S1). Compared to
pristine Laponite, the center of these two peaks has shifted to 3687 cm− 1

in Lap-NR, and to 3685 cm− 1 in Lap-N3. This shift is a consequence of Si-
O-Si-C formation through organic modification at the edge via silanol
condensation [46].

The organic content in the hybrid materials Lap-N3 and Lap-NR was
determined by TGA following the approach by Wheeler et al. [28] A
weight loss of 3.67 % in the temperature range of 150℃ to 600℃ in the

Scheme 1. Synthetic route for Lap-NR. (i) NaNO2, 37% HCl, 0℃ − 5℃, 4 h; (ii) DMF, 155 ℃, 4 h; (iii) anhydrous DMF, K2CO3, 70℃, 3 h; (iv) CuSO4, Sodium
ascorbate, H2O/tert-BuOH (1:1), 10 min, 100 ℃ in MW.
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TGA curve of Lap-N3, in comparison to pristine Laponite, indicated an
average presence of 278 azide residues on a single Laponite particle,
calculated with an estimated individual Laponite mass of 3.2 × 10− 18 g
(Figure S2). In the Lap-NR TGA curve, a 6.81 % decrease in mass
relative to Lap-N3, corresponds to 226 nile red triazole residues on each
Laponite sheet. Considering that Felbeck et al report ~ 420 modifiable
silanol groups per Laponite particle, these TGA results suggest a
reasonably effective modification [28,47].

The optical properties of the synthesized acceptor Lap-NR (Fig. 2)
were characterized by UV–Vis absorption and fluorescence spectroscopy
in various compositions of water and dimethylformamide (DMF). The
λmax of the absorption band of Lap-NR shifted from 540 nm to 595 nm as
the solvent polarity increased from pure DMF to 10 % DMF (90 %water)
(Fig. 2a), which is attributed to the well-characterized solvatochromic
behavior of monomeric Nile red derivatives [39,48–52]. The shoulder at
645 nm apparent in 10 % DMF is likely due to the formation of a J-type
aggregate of edge-bound Nile red molecules [53,54]. The fluorescence
spectra of Lap-NR (Fig. 2b) also displayed a bathochromic shift from
618 nm to 680 nm in maximum emission as solvent polarity increased.
Additionally, the intensity of maximum emission decreased by 97 % in
10 % DMF compared to the maximum emission intensity in pure DMF,
likely due to the combined influence of solvent polarity and aggregation-
induced quenching [31,51,52].

The absorption spectrum of R6G in water exhibits a primary band at
525 nm and a weak shoulder at 493 nm, attributed to the 0–0 and 0–1
vibronic transitions of monomeric R6G, respectively (Fig. S3a). A
monomeric emission band at 550 nm was observed in the fluorescence

spectrum of R6G in water (Fig. S3b) [55,56]. As the water content de-
creases to 10 %, a slight bathochromic shift to 534 nm in the absorption
spectrum, and 558 nm in the fluorescence spectrum, was observed. This
is a result of varied solvent parameters such as polarity and refractive
index [57]. The adsorption of R6G on the basal surface of Laponite led to
a 2 nm bathochromic shift compared to pure R6G in an identical solvent
composition, which indicates the monomeric organization of R6G on
Laponite (Fig. S4a-b) [58,59]. The excimer emission of the naphthalene,
with the emission λmax at 485 nm in Lap-NDI overlaps significantly with
the λmax of absorption at 535 nm of R6G in 50 %water. Furthermore, the
λmax of emission of R6G monomer at 558 nm also overlaps with the
absorption λmax at 569 nm of Lap-NR (Figure S5a). The significant
overlap between absorbance and emission bands indicates that Lap-NDI,
R6G, and Lap-NR are good candidates for designing a FRET cascade.
Furthermore, an energy level diagram of the designed cascade FRET
system is illustrated in Figure S5b. In the first step of the FRET cascade,
Lap-NDI is excited from the S0 ground state to the S1 excited state
through absorption of light, and the excess energy at the S1 state is non-
radiatively transferred to a nearby R6G acceptor, leading to the
quenching of the donor emission and excitation of the acceptor to the S1
excited state. In the second step, non-radiative energy transfer from the
S1 excited state of R6G to a nearby Lap-NR acceptor leads to a similar
excitation of Lap-NR to the S1 excited state and corresponding quench-
ing of the R6G emission.

Single-step FRET of the separate donor–acceptor pairs were indi-
vidually studied (Fig. 3a-c). As the concentration of R6G increases, the
excimer emission of Lap-NDI with the maximum band at 485 nm

Fig. 1. (a) Full FT-IR spectra and (b) Zoom into the region from 2000-4000 cm− 1 of compound 6 (purple), Nile red derivative modified Laponite (Lap-NR, purple-
red), azide end group modified Laponite (Lap-N3, orange), and the pristine Laponite (Lap, yellow).

Fig. 2. (a)UV–Vis absorbance and (b) Fluorescence spectra of Nile red derivative modified Laponite Lap-NR in various water/DMF composites, 0.1 mg/mL, λex =
540 nm.
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Fig. 3. (a) Single-step FRET from Lap-NDI to R6G in a 1:1 water/DMF mixture; (b) from R6G to Lap-NR; (c) from Lap-NDI to Lap-NR; (d) Two-step cascade FRET
from Lap-NDI to Lap-NR; λex = 350 nm, arrows indicate the emission intensity change in the process of FRET.

Fig. 4. Cascade FRET in (a) 37.5 % water; (b) 50 % water; (c) 62.5 % water; (d) I/I0 at 485 nm at increasing concentrations of R6G (solid symbol) and Lap-NR
(crossed symbol) − 37.5 % water: orange square; 50 % water: red circle; 62.5 % water: purple triangle; λex = 350 nm, arrows indicate the emission intensity
change in the cascade FRET.
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gradually decreases. The presence and enhancement of the R6G emis-
sion band at 560 nm indicates energy transfer from the Lap-NDI excimer
to R6G (Fig. 3a). The efficiency of FRET from Lap-NDI to R6G is
calculated to be 42 % following the equation E= [1-IDA/ID], in which IDA
and ID refer to the emission intensity of donor in the presence and the
absence of acceptor, respectively [4,6]. The final concentration of R6G is
0.133 μM,which is below 0.1 % of the cation exchange capacity (CEC) of
Laponite (0.55 − 0.8 mequiv/g) [60]. Martínez et al reported that R6G
adsorbs onto the Laponite basal surface in a monomeric state when its
concentration is below 0.1 % of the CEC [61]. The reported radius of
Laponite is approximately 12.5 nm, within which R6G likely can be
found on the basal surface. Thus, it is highly likely that an R6G molecule
is bound to the basal surface within the 1–10 nm distance necessary for
FRET [6,60]. Furthermore, the low concentration of R6G restricts the
occurrence of sub-nanometric Dexter-type energy transfer [5]. Thus, the
quenching of Lap-NDI emission is then predominantly attributed to
Förster-type energy transfer (FRET). As the concentration of the second
acceptor Lap-NR was increased to 0.05 mg/mL, a reduction in the
emission intensity of R6G was observed, with an average efficiency of
34 % (Fig. 3b). Moreover, upon the addition of Lap-NR to Lap-NDI
without the addition of R6G, minor quenching of the excimer emis-
sion of Lap-NDI was noted (24 %, Fig. 3c), as there is minor spectral
overlap between Lap-NDI emission and Lap-NR absorption
(Figure S5a). The two-step cascade FRET process first showed emission
quenching of Lap-NDI excimer and enhancement of R6G emission upon
the addition of the first acceptor (R6G), followed by quenching of R6G
emission upon addition of the second acceptor Lap-NR (Fig. 3d).

Fluorescence lifetimes were measured for Lap-NDI and R6G to sub-
stantiate the cascade FRET process (Tables S1 and S2). The initial
average lifetime for Lap-NDI of 4.46 ns at 480 nm in the absence of R6G
progressively decreased, resulting in a lifetime of 2.77 ns after the
addition of 0.133 μM R6G. This trend supports the occurrence of FRET
from Lap-NDI excimer to R6G monomer on the Laponite surface
(Table S1). As the concentration of Lap-NR was increased from 0 to
0.05 mg/mL in the presence of Lap-NDI (Table S2), the fluorescence
lifetime of R6G decreased from 8.0 ns to 7.17 ns for τ1 and from 3.22 to
2.89 for τ2, confirming FRET from R6G on Laponite to Lap-NR.
Furthermore, the contribution from τ1 increased from 10 % to 17 % as
Lap-NR concentration was increased from 0 to 0.05 mg/mL(Table S2).
In order to disentangle the contributions of quenching due to in-
teractions with Laponite, several control experiments were carried out.
The addition of unmodified Laponite to the dispersion of Lap-NDI
resulted in a 10 % average reduction in emission at 485 nm, likely
due to the presence of unmodified Laponite sheets intercalating between
Lap-NDI, inducing deaggregation of the NDI chromophore (Figure S6a).
Furthermore, the addition of unmodified Laponite to the dispersion of
Laponite and R6G led to only a 4 % emission reduction at 550 nm,
supporting a negligible contribution to the quenching of R6G from
Laponite alone (Figure S6b). These control experiments further
corroborated a cascade FRET process.

The influence of solvent composition on cascade FRET was investi-
gated by using water/DMF mixtures containing 37.5 % water and 62.5
% water (Fig. 4). The interactions observed in all three solvent compo-
sitions show R6G quenching of Lap-NDI excimer emission at 485 nm,
and Lap-NR induced quenching of R6G emission at 550 nm, confirming
the integrity of the cascade FRET. With an increase in water content
from 37.5 % to 62.5 %, Lap-NDI exhibited the most intense initial
excimer emission at 485 nm, attributed to the aggregation-induced
emission of naphthalene diimide (Fig. 4a-c) [29]. Additionally, the
quantum yield of pure R6G was noted as 0.95 in water and 0.75 in DMF,
leading to an enhancement of R6G emission at 585 nm in 62.5 % water,
compared to the R6G emission intensity in 37.5 % water and 50 % water
(Fig. 4a-c) [62]. The combination of these two effects contributed to an
enhanced FRET efficiency from Lap-NDI to R6G on Laponite in 62.5 %
water (Fig. 4d). Furthermore, the quantum yields of Lap-NR were
determined to be 0.46 in DMF, 0.19 in 37.5 %water, 0.14 in 50 %water,

and 0.12 in 62.5 % water, leading to a more pronounced emission
enhancement of Lap-NR in 37.5 % water compared with the dispersions
containing 50 % and 67.5 % water (Fig. 4a-c). In 62.5 % water, Lap-NR
appears to quench the emission of the Lap-NDI excimer more efficiently,
likely due to increased deaggregation of the NDI chromophore induced
by the intercalation of Lap-NR between Lap-NDI sheets (Fig. 4d).

4. Conclusions

In summary, this study reports the synthesis of a new organ-
ic–inorganic hybrid Lap-NR, consisting of a Nile red derivative cova-
lently attached to the Laponite edge via silanol coupling. Lap-NR
exhibited a pronounced absorption band at 540 nm in pure DMF, and the
addition of water led to a strong solvatochromic shift to 595 nm. The
emission peak of Lap-NR also shifted from 618 nm to 680 nm when the
water content was changed from 0 % to 90 %, accompanied by a
decrease in quantum yield. Building upon previous work, a cascade
FRET system was designed utilizing Lap-NDI, consisting of a naphtha-
lene diimide chromophore bound to the Laponite edge, as the initial
donor. This system incorporated R6G adsorbed on Laponite as the first
acceptor, and the synthesized Lap-NR as the subsequent acceptor.

Upon the addition of R6G to a dispersion containing Lap-NDI and
Lap-NR, cascade FRET from the NDI-modified Laponite edge to the R6G-
modified Laponite basal surface, then to the Nile red derivative-
modified Laponite edge, was observed. The single-step FRET processes
between Lap-NDI / R6G, R6G / Lap-NR, and Lap-NDI / Lap-NR revealed
FRET efficiencies of 42 % from Lap-NDI to R6G, 34 % from R6G to Lap-
NR, and 24 % from Lap-NDI to Lap-NR in 50 % water. The overall two-
step energy transfer efficiency was determined to be 43 %, 51 %, and 57
% in 37.5 %, 50 %, and 67.5 % water, respectively. These observations,
coupled with control experiments and fluorescence lifetime measure-
ments, confirmed that the ability to control the modification of Laponite
with chromophores at the edge or basal surfaces allowed the design of a
two-step cascade FRET process. Moreover, the influence of solvent
composition on the FRET cascade revealed that cascade FRET in this
system is most efficient in a 62.5 % water dispersion, which is attributed
to increased aggregation-induced emission of Lap-NDI and the enhanced
quantum yield of R6G in water.

Modification of 2D nanomaterial edge and basal surfaces with
different chromophores is a versatile route to achieve cascade FRETwith
dynamic tunability of the distances and orientations of chromophores.
Cascade FRET within supramolecular systems can be achieved through a
diverse range of non-covalent scaffolds, such as the formation of
micellar and host–guest complexes [16,18]. These systems are advan-
tageous in bringing chromophores into proximity and avoiding the
tedious synthesis of covalent systems. However, these approaches limit
the selections of donor–acceptor pairs, the dynamic adjustment in a
fixed system, and stabilities [16]. Herein, we reported a novel approach
to design a FRET cascade which utilized the unique surface chemistry
anisotropy of Laponite to attach energy donors and acceptors in a logical
manner. This shows the potential for such layered materials to serve as
templates for energy transfer from single-step FRET to multi-step
cascade FRET, extending the energy window to result in a Stokes shift
of 300 nm.

In contrast to strategies which control donor–acceptor interactions
via supramolecular strategies and intra-chain interactions within poly-
mers, and donor–acceptor pairs [15,21], organic–inorganic hybrids
based on colloidal templates with anisotropic surface chemistry provide
the flexibility to tune FRET through factors such as pH, solvent, degree
of functionalization, and aggregation state of the template [63]. This
approach provides a wider selection of dyes, including neutral and
charged molecules, and supports the application in other phases than
colloids such as solids, gels, and thin films. Furthermore, the versatile
functionalization, enhanced stability, and low cost of 2D nanomaterials
are advantageous for the scalability of FRET applications in industrial
settings. The diversity of 2D nanomaterial-based cascade FRET systems,
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available in forms such as colloid, solid materials, and films, enables
various fabrication methods for applications in biosensing, drug de-
livery, and energy storage devices. However, fine control of dye distri-
bution and degree of modification on 2D nanomaterials requires further
investigation. Moreover, a deeper understanding of the interactions
between various colloidal species such as surfactants, polymers, and dye
molecules would be beneficial for optimizing FRET. In this respect,
computational approaches such as molecular dynamics andMonte-Carlo
simulations of such inorganic–organic hybrid systems can provide a
molecular-level understanding of dynamic processes such as intermo-
lecular interactions, solvent effects, and adsorption at the nanomaterial
surfaces [64,65]. In summary, this study paves the way for future
research on 2D nanomaterial-based inorganic–organic hybrids for the
design of dynamic, tunable sensors and optoelectronic devices.
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5. Discussion and Outlook 

5.1. Discussion 
 

The Lap anisotropic chemical surfaces facilitate independent and targeted modification on each 

surface. Based on this property, several organic chromophores were covalently bonded or ion-

exchanged to the Lap edge surface via covalent bonds or basal surface via ion exchange, 

respectively, leading to the establishment of three distinct FRET systems between 

chromophore-modified Lap surfaces. In the first part of this dissertation,37 two organic-

inorganic hybrids were synthesized through covalent linkage of two PDIs—with oleyl-chain 

or succinic acid as a terminal group, respectively, to the Lap edge surfaces. These hybrids 

exhibit the photophysical characteristics of PDIs. In aqueous media, the PDI groups of the 

hybrids formed H-aggregate through π-π stacking of perylene cores, with the succinic acid 

terminal group conferring better water dispersibility compared to the oleyl-chain. Furthermore, 

FRET from 4′,6-diamidino-2-phenylindole (DAPI), which is attached to the Lap basal surface 

via ion exchange, to covalently bound PDIs on the Lap edge surface was observed. This FRET 

system achieved efficiencies of 78% in 90% and 79% in 50% water, facilitated by the spatial 

proximity between edge surface-bound PDIs and basal surface immobilized DAPI. 

The second part of this dissertation achieved the synthesis of hybrids where PDIs or 

NDIs, incorporating tetraethylene glycol or diethylene glycol terminal group, respectively, are 

covalently linked to the Lap edge surface via silanol coupling.38 Optical properties and 

aggregation behavior of synthesized hybrids were investigated in varied DMF/water solvent 

compositions. The tetraethylene glycol terminal group on PDIs enhanced water dispersibility 

compared to previously reported PDIs-modified Lap, while NDIs with diethylene glycol 

terminal group exhibited the formation of excimer associated with AIE. Upon mixing these 

hybrids' dispersions, FRET from the NDIs excimer at the Lap edge surface to the PDIs at 

another Lap edge surface was observed, achieving an efficiency of 47% in 90% water. This 

efficiency was enhanced up to 74% when Lap was pillared with cationic surfactant CTAB. The 

CTAB intercalated into interlayers of Lap, resulting in an interlayer spacing expansion to 

approximately 2.3 nm and an ordered stacking of Lap. The ordered stacking of Lap improved 

donor-acceptor overlap and resulted in such enhancement of FRET.  

In the final part of this dissertation, a new organic-inorganic hybrid composed of Nile 

red derivative, which was linked to the Lap edge surface via silanol coupling, was 

synthesized.186 This hybrid exhibited Nile red optical properties, characterized by a pronounced 

absorption band and a solvatochromic shift in response to varying solvent compositions. 

Expanding on previous research discussed in the first two chapters, a cascade FRET system 

was established involving Lap edge covalently bound NDIs as the first donor, and through ion 

exchanged R6G on the Lap basal surface, and Nile red derivative covalently modified Lap as 

sequential acceptors. Cascade FRET occurs from Lap edge bound NDIs to Lap basal surface 

located R6G, and subsequently to Lap edge bound Nile red derivative and an overall highest 

efficiency of 57% in 67.5% water was achieved.  
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In summary, this dissertation developed several new organic-inorganic hybrid materials 

involving modification to the Lap edge surface by covalently linking NDIs, PDIs, and Nile red 

derivative, and ion-exchanged cationic molecules to its basal surface. Following these 

modifications, the optical properties of resulting hybrids were investigated, revealing a variety 

of aggregate behavior: the formation of excimer with AIE in NDIs-modified Lap, H-aggregate 

formation in PDIs-modified Lap, and solvatochromic property in Nile red derivative-modified 

Lap. Building on these obtained fluorescent hybrids, FRET investigations were carried out 

across various configurations: from Lap basal surface immobilized donor to Lap edge surface-

bound acceptor, from Lap edge surface-bound donor to Lap edge surface-bound acceptor, and 

from Lap edge surface bound donor to Lap basal surface located acceptor (also served as a 

donor for the next step), extending to another Lap edge surface-bound acceptor. These studies 

demonstrated efficient FRET at relatively low chromophore concentrations. Furthermore, this 

dissertation uncovered that variations in solvent compositions and aggregation behavior of Lap 

achieved through the introduction of surfactant, can significantly enhance FRET. These 

findings presented the potential for advances enabled by the synthesis of hybrids combining 

two-dimensional nanoparticles and organic chromophores and also provided an expansion of 

potential applications of nanoparticles in photophysical-based devices, such as light-emitting 

diodes, biosensors, and photovoltaics. 

 

5.2. Outlook 
 

The research results discussed in this dissertation raise various potential future research 

interests of organic-inorganic hybrids. This section discusses two specific directions of interest 

that build on the achieved results as examples. 

 

5.2.1. Modifications on One-Dimensional Clay  

 

Lap exhibits free silanol groups at the edge surface and negative charges on the basal surface 

when dispersed in an aqueous medium. This property is fundamental to the research presented 

in this dissertation. Other clay mineral, such as halloysite, also features anisotropic surfaces 

and offer the potential for similar modifications. Halloysite is a dioctahedral 1:1 tubular clay 

from the kaolin group, composed of one SiO4 tetrahedral sheet and one AlO2(OH4) octahedral 

sheet.187 The length of a halloysite tube ranges from 0.02 to over 30 micrometers. The internal 

lumen surface consists of hydrophilic Al-OH groups, resulting in a positively charged 

surface.188 This allows for the attachment of anionic chromophores via ion exchange, and the 

chemically active Al-OH groups enable covalent modification with organic chromophores as 

well. Conversely, the external surface of the halloysite is composed of hydrophobic Si-O-Si 

groups, giving it a negatively charged surface, which facilitates the attachment of cationic 

chromophores through ion exchange.189 A FRET system could be formed by immobilizing 

donor and acceptor molecules on the internal lumen surface. Furthermore, donor and acceptor 
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molecules can also be attached separately to the external surface and the internal lumen surface 

of halloysite, FRET in such system would likely be less efficient compared to that of a system 

where both the donor and acceptor molecules are immobilized on the internal lumen surface. 

The expected different FRET efficiency could be primarily due to spatial separation caused by 

anisotropic surfaces of halloysite tube. 

 

5.2.2.  Development of Chromophore-Modified Laponite Thin Films 
 

This dissertation primarily focused on dispersions, yet the fabrication of modified Lap thin 

films presents significant potential for the versatile development of Lap-based devices. 

Techniques such as the evaporation method and spin-coating can be employed to finely tune 

the morphology of these thin films.18 The first approach, building on previously reported work, 

involves the fabrication of thin films using synthesized hybrids. Due to the distinct water 

dispersibility of all the synthesized hybrids, the formation of thin films could vary in terms of 

time, solvent polarity, thickness, and mechanical strength. These variables offer insights for 

optimizing the modification of Lap thin films for targeted applications, such as packing 

material, drug delivery, and personal care products.190 

Moreover, the optical properties of Lap thin films also represent a significant area for 

future research. Investigations into aspects such as chromophore aggregation, polarized 

fluorescence emission, and energy transfer processes could not only deepen our understanding 

of the fundamental properties of modified-Lap thin films but also encourage the development 

of advanced photo-functional materials for a wide range of applications, including optical 

glasses, biosensors, energy storage devices, and solid-state tunable lasers.18,191
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Appendix I 
 

Chemicals 

 

Name CAS 

Number 

Pictograms Hazard 

Statements 

Precautionary Statements 

potassium 

hydroxide 

1310-58-3 

 

H290, H302, 

H314 

P280, P305+P351+P338, P310 

hydrochloric 

acid 

7647-01-0 

 

H290, H314, 

H335 

P260, P280, P303+P361+P353, 

P305+P351+P338 

phosphoric acid 7664-38-2 

 

H290, H314 P280, P305+P351+P338, P310 

tert-butanol 75-65-0 

 

H225, H319, 

H332, H335 

P210, P261, P305+P351+P338 

potassium 

carbonate 

584-08-7 

 

H302, H315, 

H319, H335 

P261, P305+P351+P338 

2-propanol 67-63-0 

 

H225, H302, 

H319, H336 

P210, P261, P305+P351+P338 

chloroform 67-66-3 

 

H302, H315, 

H319, H331, 

H336, H351, 

H361d, 

H372 

P201, P202, P235, P260, P264, 

P270, P271, P280, P281, 

P301+P330+P331, P302+P352, 

P304+P340, P305+P351+P338, 

P308+P313, P310, P311, P314, 

P332+P313, P337+P313, P362, 

P403+P233, P405, P501 

deuterochloroform 865-49-6 

 

H302, H315, 

H319, H331, 

H336, H351, 

H361, H372, 

H373 

P201, P202, P260, P261, P264, 

P270, P271, P280, P281, 

P301+P312, P302+P352, 

P304+P340, P305+P351+P338, 

P308+P313, P311, P312, P314, 

P321, P330, P332+P313, 

P337+P313, P362, P403+P233, 

P405, P501 

methanol 67-56-1 

 

H225, H301, 

H302, H305, 

H311, H331, 

H370 

P210, P233, P235, P240, P241, 

P242, P243, P260, P264, P270, 

P271, P280, P301+P330+P331, 

P302+P352, P303+P361+P353, 

P304+P340, P305+P351+P338, 

P307+P311, P310, P311, P312, 

P337+P313, P361, P363, 

P370+P378, P403+P233, P405, 

P501 

absolute ethanol 64-17-5 

 

H225, H319, 

H360D 

P210, P233, P240, P241, P242, 

P305+P351+P338 
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N, N-

dimethylformamide 

68-12-2 

 

H226, H312, 

H319, H332, 

H360 

P280, P305+P351+P338, 

P308+P313 

4',6-diamidino-2-

phenyl-indol-

dihydrochloride 

28718-90-3 

 

H315, H317, 

H335 

P261, P264, P271, P272, P280, 

P302+P352 

imidazole 288-32-4 

 

H302, H314, 

H360D 

P263, P270, P280, P301+P310, 

P305+P351+P338, P308+P313 

1,4,5,8-

naphthalenetetracar

boxylic 

dianhydride 

81-30-1 

 

H315, H317, 

H335, H319 

P261, P264, P271, P280, 

P302+P352, P305+P351+P338 

dichloromethane 75-09-2 

 

H315, H319, 

H335, H336, 

H351, H373 

P261, P281, P305+P351+P338 

2-(2-Aminoethoxy) 

ethanol 

929-06-6 

 

H314, H318 P280, P301+P330+P331, 

P303+P361+P353, 

P305+P351+P338, P363 

acetic acid 64-19-7 

 

H226, H314 P280, P305+P351+P338, P310 

sodium azide 26628-22-8 

 

H300, H310, 

H410 

P260, P280, P301+P310, P501 

sodium nitrite 7632-00-0 

 

H272, H301, 

H319, H400 

P220, P273, P301+P310, 

P305+P351+P338 

toluene 108-88-3 

 

H225, H304, 

H315, H336, 

H361d, 

H373 

P210, P240, P301+P310, 

P302+P352, P308+P313, P314, 

P403+P233 

n-hexane 110-54-3 

 

H225, H302, 

H305, H315, 

H336, 

H361fd, 

H373, H411 

P201, P202, P210, P233, P235, 

P240, P241, P242, P243, P260, 

P264, P271, P273, P280, P281, 

P301+P330+P331, P302+P352, 

P303+P361+P353, P304+P340, 

P308+P313, P310, P312, P314, 

P332+P313, P363, P370+P378, 

P391, P403+P233, P405, P501 

ethyl acetate 141-78-6 

 

H225, H319, 

H336 

P210, P233, P240, 

P305+P351+P338, P403+P235 

copper(II) sulfate 7758-99-8 

 

H302, H318, 

H410 

P264, P273, P301+P312, 

P305+P351+P338, P391 
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(3-chloropropyl) 

methoxydimethylsil

ane 

18171-14-7 

 

H226 P210, P233, P240, P241, P242, 

P243, P280, P303+P361+P353, 

P370+P378, P403+P235, P501 

3-(diethylamino) 

phenol 

91-68-9 

 

H301, H411 P264, P270, P273 

rhodamine 6G 989-38-8 

 

H301, H302, 

H318, H410, 

H411 

P264, P270, P273, P280, 

P301+P310, P301+P312, 

P305+P351+P338, P310, P321, 

P330, P391, P405, P501 

1,6-

Dihydroxynaphthal

ene 

575-44-0 

 

H315, H319, 

H335 

P261, P264, P271, P280, 

P302+P352, P305+P351+P338 

propargyl bromide 106-96-7 

 

H225, H301, 

H304, H314, 

H335, H336, 

H361d, 

H373 

P210, P280, P301+P330+P331, 

P303+P361+P353,  

P305+P351+P338 

 

 

GHS hazard pictograms 

 

 
GHS01: explosive 

 
GHS02: flammable 

 
GHS03: oxidizing 

 
GHS05: corrosive 

 
GHS06: 

toxic 

 

 
GHS07: harmful 

 
GHS08: health 

hazard 

 
GHS09:  

environmental hazard 
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Hazard statements 

 

Code Phrase 

H225 Highly flammable liquid and vapour. 

H226 Flammable liquid and vapour. 

H272 May intensify fire: OXIDISER. 

H290 May be corrosive to metals. 

H300 Fatal if swallowed. 

H301 Toxic if swallowed. 

H302 Harmful if swallowed. 

H304 May be fatal if swallowed and enters airways. 

H305 May be harmful if swallowed and enters airways. 

H310 Fatal in contact with skin. 

H311 Toxic in contact with skin. 

H312 Harmful in contact with skin. 

H314 Causes severe skin burns and eye damage. 

H315 Causes skin irritation. 

H317 May cause an allergic skin reaction. 

H318 Causes serious eye damage. 

H319 Causes serious eye irritation. 

H332 Harmful if inhaled. 

H335 May cause respiratory irritation. 

H336 May cause drowsiness or dizziness. 

H331 Toxic if inhaled. 

H351 Suspected of causing cancer. 

H360 May damage fertility or the unborn child. 

H360D May damage the unborn child. 

H361d Suspected of damaging the unborn child. 

H361fd Suspected of damaging fertility. Suspected of damaging the unborn child. 

H361 Suspected of damaging fertility or the unborn child. 

H370 Causes damage to organs. 

H372 Causes damage to organs through prolonged or repeated exposure. 

H373 May cause damage to organs through prolonged or repeated exposure. 

H400 Very toxic to aquatic life. 

H410 Very toxic to aquatic life with long-lasting effects. 

H411 Toxic to aquatic life with long-lasting effects. 
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Precautionary statements 

 

Code 

 

Phrase 

P201 Obtain special instructions before use. 

P202 Do not handle until all safety precautions have been read and understood. 

P210 Keep away from heat, hot surfaces, sparks, open flames and other ignition 

sources. No smoking. 

P220 Keep/Store away from clothing/.../combustible materials. 

P233 Keep container tightly closed. 

P235 Keep cool. 

P240 Ground and bond container and receiving equipment. 

P241 Use explosion-proof electrical/ventilating/light/.../equipment. 

P242 Use only non-sparking tools 

P243 Take precautionary measures to prevent static discharges. 

P260 Do not breathe dust/fume/gas/mist/vapours/spray. 

P261 Avoid breathing dust/fume/gas/mist/vapours/spray. 

P263 Avoid contact during pregnancy and while nursing. 

P264 Wash ... thoroughly after handling. 

P270 Do not eat, drink or smoke when using this product. 

P271 Use only outdoors or in a well-ventilated area. 

P272 Contaminated work clothing should not be allowed out of the workplace. 

P273 Avoid release to the environment. 

P280 Wear protective gloves/protective clothing/eye protection/face protection. 

P281 Use personal protective equipment as required. 

P310 Immediately call a POISON CENTER or doctor/physician. 

P311 Call a POISON CENTER or doctor/physician. 

P312 Call a POISON CENTER or doctor/physician if you feel unwell. 

P314 Get Medical advice/attention if you feel unwell. 

P321 Specific treatment (see ... on this label). 

P330 Rinse mouth. 

P361 Remove/Take off immediately all contaminated clothing. 

P362 Take off contaminated clothing. 

P363 Wash contaminated clothing before reuse. 

P391 Collect spillage. 

P405 Store locked up. 

P501 Dispose of contents/container to ... 

P301+P310 IF SWALLOWED: Immediately call a POISON CENTER or doctor/physician. 

P301+P312 IF SWALLOWED: Call a POISON CENTER or doctor/physician if you feel 

unwell. 

P301+P330+P331 IF SWALLOWED: Rinse mouth. Do NOT induce vomiting. 

P302+P352 IF ON SKIN: Wash with soap and water. 

P303+P361+P353 IF ON SKIN (or hair): Remove/Take off immediately all contaminated clothing. 

Rinse skin with water [or shower]. 

P304+P340 IF INHALED: Remove victim to fresh air and keep at rest in a position 

comfortable for breathing. 

P305+P351+P338 IF IN EYES: Rinse continuously with water for several minutes. Remove 

contact lenses if present and easy to do. Continue rinsing. 
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P307+P311 IF exposed or concerned: Call a POISON CENTER or doctor/physician. 

P308+P313 IF exposed or concerned: Get medical advice/attention. 

P332+P313 If skin irritation occurs: Get medical advice/attention. 

P337+P313 If eye irritation persists: Get medical advice/attention. 

P370+P378 In case of fire: Use ... to extinguish. 

P403+P233 Store in a well ventilated place. Keep container tightly closed. 

P403+P235 Store in a well ventilated place. Keep cool. 

  

 Note: "..." = to be specified 
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Appendix II 
 

Supplementary Information for Chapter 2 
 

Layered silicate edge-linked perylene diimides: Synthesis, self-

assembly and energy transfer 
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Supporting Information:  

Layered Silicate Edge-Linked Perylene Diimides: 

Synthesis, Self-Assembly and Energy Transfer  

Hongxiao Xiang1, Silvano R. Valandro1,2, Eric H. Hill1,2* 

1Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, 20146 Hamburg, 

Germany 

2 The Hamburg Center for Ultrafast Imaging (CUI), Luruper Chausee 149, 22761 Hamburg, 

Germany 

 

*Corresponding author: eric.hill@chemie.uni-hamburg.de  

 

Experimental Section 

Materials. Perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA) and L-aspartic acid 

were purchased from Alfa Aesar. Potassium hydroxide (85%) and concentrated hydrochloric 

acid (37%) were purchased from ChemSolute. Phosphouric acid, tert-Butanol and potassium 

carbonate were purchased from Grüssing. Oleyl amine was purchased from ABCR. Laponite-

RD was donated by BYK Additives (Germany). 2-propanol, chloroform was purchased from 

VWR Chemicals. Chloroform-d was purchased from Euriso-Top. 

Aminopropyldimethylethoxysilane (APES) was purchased from Fluorochem. Methanol and 

Absolute ethanol were purchased from FisherScientific. N, N-Dimethylformamide was 

purchased from TCI (Germany). 4',6-Diamidino-2-phenyl-indol-dihydrochlorid (DAPI) was 

purchased from Serva. Imidazole was purchased from ChemPur. All the purchased chemicals 

were used as received, without further purification. Millipore-filtered water with a resistivity 

of 18.2 MΩ·cm was used for all reactions and for preparation of dispersions. 

Characterization. 1H-NMR spectra were collected on a Bruker Fourier HD 300 MHz. 

(Massachusetts, USA). Solid state NMR spectra were recorded with a 400 MHz spectrometer 

operating at 79.44 MHz for 29Si, 100.56 MHz for 13C. (Bruker Avance, Massachusetts, USA). 

All experiments were carried out at a magic angle spinning (MAS) rate of 10 kHz using a 4 

mm MAS HX double resonance probe. The 1H π/2 pulse length was 4.6 µs. The 13C{1H} an 

29Si{1H} cross-polarization (CP)/MAS spectra were measured using contact time of 2.0 ms and 

a recycle delay of 2s, with two pulse phase modulation (TPPM) heteronuclear dipolar 

mailto:eric.hill@chemie.uni-hamburg.de
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decoupling applied during acquisition. The 1H, 13C and 29Si spectra are referenced to external 

TMS at 0 ppm using adamantane as a secondary reference for 1H and 13C and TKS 

(tetrakis(trimethylsilyl)silane) as a secondary reference for 29Si. Fourier-transform infrared 

spectroscopy (FT-IR) measurements were performed using a golden gate Attenuated Total 

Reflectance (ATR) setup, 128 scans were averaged and recorded at a resolution of 4 cm−1 

(Bruker Invenio®, Massachusetts, USA). Thermogravimetric analysis was carried out from 25 

°C to 700 °C with a heating rate of 10 K/min and nitrogen gas was purged at a rate of 25 

mL/min, all samples were dried at 100 ℃ overnight before TGA measurements (TG 209F1 

Libra, NETZSCH, Bayern, Germany). UV−Vis absorbance spectra were collected on a Cary 

60 UV−Vis spectrometer (Agilent, Santa Clara, CA, USA). Steady-State Fluorescence spectra 

were collected on a Fluoromax-4 spectrometer (HORIBA, Kyōto, Japan). Time-resolved 

photoluminescence measurements were carried out on a FluoTime 300 fluorescence 

spectrometer (Picoquant, Berlin, Germany). A supercontinuum laser (SuperK Fianum, NKT 

Photonics, Copenhagen, Denmark) was used as a light source. The laser beam passed through 

a deep UV supercontinuum extension unit (SuperK Extend-UV (DUV), NKT Photonics, 

Copenhagen, Denmark) and was then directed to the FluoTime 300.  

 

Synthesis. The synthetic routes adopted for the preparation of Lap-PDIo and Lap-PDIa are 

shown in Scheme S1 and S2.  
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Scheme S1: Syntheses of designed compounds. (i) KOH (5%), 90 ℃, 4 hours; (ii) H3PO4 

(10%), 90 ℃, 1 hour, (iii) water/2-propanol (1:1), 0-5 ℃, 4 hours; (iv) 90 ℃, 2 hours; (v) 10% 

HCl, 1 hour; (vi) EtOH, reflux, overnight. 

 

Compound 2, Perylene-3,4,9,10-tetracarboxylic acid monoanhydride monopotassium 

carboxylate.1 PTCDA 1 (3 g, 7.6 mmol) was added into a 50 mL round bottom flask with 34 

mL 5 % KOH solution and stirred at 90 ℃ for 4 hours. After cooling down to room 

temperature, 7 mL 10% H3PO4 was added and stirred at 90 ℃ for one hour. After filtration the 

residue was washed with water followed by drying at 110℃ and a bordeaux-red powder 2 was 

gained.  

Yield: 91%, FT-IR (Golden gate ATR, 4 cm -1): ν = 1760, 1722, 1591, 1508, 1406, 1375, 1342, 

1228, 1211, 1180, 1147, 1002, 852, 800, 759, 738, 684, 648, 611, 553, 536. Anal. Calcd. for 

C24H9KO7 (Mw, 448.4 g/mol); C, 64.28; H, 2.02; K, 8.72. Found: C, 63.54; H, 2.06; K, 8.31. 

 

Compound 4, N-(9Z)-octadecen-3,4,9,10-perylene tetracarboxylic monoanhydride 

monoimide1–4 Oleylamine 3 (1.34 g, 1.6 mL, 5 mmol), a mixture of 15 mL water and 15 mL 2-



S4 
 

propanol were added into a 100 mL round bottom flask and cooled down to 0-5 ℃ in an ice 

bath. Perylene-3,4,9,10-tetracarboxylic acid monoanhydride monopotassium carboxylate 2 

(0.5 g, 2.5 mmol) was added in the cooled flask. The reaction mixture was stirred at 0-5 ℃ for 

4 hours. After stirring the mixture at 90 ℃ for 2 hours, 64 mL 10% HCl was added and stirred 

at 90 ℃ for another 2 hours followed by stirring at room temperature overnight. After filtration 

the residue was washed with water and dried in an oven at 110 ℃. The crude product was 

suspended in 10% KOH solution and stirred at 90 ℃ until there is no more perylene 

dianhydride, which was controlled by observance of a complete yellowish outlet on filter paper 

from a cooled tip sample. After cooling down the mixture was filtered out and washed with 

warm 10% K2CO3 until the filtrate was colorless. To remove the trace of diimide product, the 

product was washed with chloroform for several times. At the end, the purified product 4 was 

dried in an oven at 60℃ overnight. 

Yield: 75%, FT-IR (Golden gate ATR, 4 cm-1): ν = 2921, 2852, 1689, 1650, 1591, 1564, 1508, 

1456, 1419, 1373, 1350, 1301, 1247, 1218, 1188, 1166, 1083, 964, 848, 827, 806, 790, 769, 

750, 605, 573, 538. Anal. Calcd. for C42H43NO5 (Mw, 641.8 g/mol); C, 78.6; H, 6.75; N, 2.18; 

O, 12.46. Found: C, 76.91; H, 6.15; N, 2.01; O, 13.65. 

Compound 5,  APES functionalized laponite.3 Laponite-RD (5 g) was added in 200 mL 

deionized water and stirred at 50 ℃ for one hour. Aminopropyldimethylethoxysilane APES 

(2.0 mL, 12.4 mmol) was mixed with 50 mL deionized water under stirring for 30 minutes. 

The APES solution was poured slowly in the laponite dispersion under vigorous stirring. The 

mixture was stirred at 50 ℃ for 16 hours. After cooling down the crude product was collected 

via centrifugation under 7500 rpm for 15 minutes. The crude product was dried in an oven at 

110℃ overnight. After drying the crude product was dispersed in 200 mL 60% methanol/water 

and stirred at room temperature overnight. The crude product was collected via centrifugation 

(7500 rpm, 15 minutes) and washed five times with 60% methanol/water. The purified product 

5 was dried at 110 ℃ and stored for further work. 

Yield: 71%, FT-IR (Golden gate ATR, 4 cm -1): ν = 1622, 1263, 962, 653. Elemental Analysis 

for compound 5, Found: C, 3.54; H, 2.06; N, 0.66. Solid state CP/MAS 29Si NMR (δ = 8-20 

ppm, C-Si(OSi); δ = -86 ppm, incompletely condensed Si in laponite; δ = -95 ppm, fully 

condensed Si in laponite).5 Solid state CP/MAS 13C NMR (δ= -1.8 ppm, 2CH3Si; δ= 13.6 ppm, 

CH2; δ = 21.4 ppm, CH2; δ = 43.2 ppm, CH2NH2). 

Compound 6, N, Nˈ-(9Z)-octadecen-3,4,9,10-perylene tetracarboxylic diimide functionalized 

laponite.6 4 (15.5 mg), 5 (91.6 mg) and 30 mL absolute ethanol were added into a 50 mL round 

bottom flask and the mixture was stirred under reflux overnight. After cooling down the crude 



S5 
 

product was collected via centrifugation (7500 rpm, 15 minutes) and washed 3 times with 

chloroform and 3 times with water to remove unreacted reactant. The product 6 was dried in 

an oven at 60℃ overnight and stored for further characterization and photophysical study.  

Yield: 80%, FT-IR (Golden gate ATR, 4 cm -1): ν = 2925, 2850, 1760, 1689, 1641, 1595, 1577, 

1404, 1356, 1331, 1257, 964, 808, 652. Elemental Analysis for compound 6, Found: C, 11.51; 

H, 2.26; N, 0.58. Solid state CP/MAS 29Si NMR (δ = 8-20 ppm, C-Si(OSi); δ = -86 ppm, 

incompletely concensed Si in lapointe; δ = -95 ppm, fully condensed Si of laponite). Solid state 

CP/MAS 13C NMR (δ = -1.1 ppm, 2CH3Si; δ = 13.8 ppm, CH3-oleyl; δ = 21.8 ppm, 2CH2; δ = 

29.4 ppm, 14CH2; δ = 43.3 ppm, 2CH2N; δ = 117.9 ppm, 4C-perylene; δ = 123.2 ppm, 8CH-

perylene, δ = 130 ppm, 4C-perylene, C=C-oleyl; δ = 135.2 ppm, 4C-perylene, δ = 165.5 ppm, 

4C=O-imide).

 

Scheme S2: Syntheses of designed compounds. (i) imidazole, 130 ℃, 6 hours; (ii) KOH, tert-

Butanol, 20 minutes. (iii) EtOH, reflux, overnight, 
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Compound 8. N,N′-Di(2-succinic acid)-perylene-3,4,9,10-tetracarboxylic Bisimide.7,8 L-

aspartic acid 7 (0.7 g, 5 mmol), PTCDA 1 (1 g, 2.5 mmol) and 10 g imidazole were weighted 

in a 30 mL bottom flask under argon flow. The mixture was heated at 130 ℃ for 6 hours. After 

cooling the mixture down to 90 ℃, 20 mL deionized water was poured into it. The mixture 

was filtered to remove unreacted reactants. For acidification, 2N HCl was added in the filtrate 

and stirred overnight to precipitate out. The solid was filtered out followed by washed with 

water and methanol. The product 8 was dried at 60 ℃ and a rose red powder was gained.  

Yield: 96%, FT-IR (Golden gate ATR, 4 cm -1): ν = 3101, 2943, 1659, 1637, 1589, 1574, 1506, 

1433, 1400, 1360, 1340, 1251, 1169, 1130, 991, 958, 856, 808, 793, 744, 711, 627. 1H (300 

MHz, d6-DMSO,) δ: 12.80 (s, 4H), 8.50 (t, 4H), 8.37 (d, 4H), 6.07 (m, 2H), 3.44 (m, 2H), 2.81 

(m, 2H) Anal. Calcd. for C32H16N2O12 (Mw, 622.498 g/mol); C, 61.74; H, 2.91; N, 4.5; O, 

30.84. Found: C, 58.9; H, 3.84; N, 4.2, O, 31.67. 

Compound 9, N-(9)-succinic acid-3,4,9,10-perylene tetracarboxylic monoanhydride 

monoimide.9 Product 8 (113 mg, 0.18 mmol), 5 mL tert-Butanol and 110 mg potassium 

hydroxide were weight in a 25 mL bottom flask and heated to reflux. After 20 minutes there 

was no more reactant 8 by control with TLC (methanol: water = 1:1) and cooled the reaction 

mixture down to room temperature. 5 mL acetic acid and 5 mL 2N HCl were added and stirred 

overnight. The solid was filtered out followed by washing with water. For purification the crude 

product was dispersed in 20 mL 10% potassium carbonate solution and stirred under reflux 

until the mixture turned green. The mixture was filtered and washed with warm 10% potassium 

carbonate until the filtrate became colorless. After washing the solid with 50 mL 2N HCl and 

water, the purified product 9 was dried in an oven at 60 ℃ and stored for further 

characterization. Anal. Calcd. for C28H13NO9 (Mw, 507.06 g/mol); C, 66.28; H, 2.58; N, 2.76; 

O, 28.38. Found: C, 58.37; H, 2.48; N, 2.87.  

Yield: 11%, FT-IR (Golden gate ATR, 4 cm -1): ν = 3078, 2875, 1761, 1724, 1693, 1661, 1591, 

1506, 1431, 1404, 1369, 1319, 1296, 1267, 1234, 1180, 1147, 1120, 1120, 1012, 937, 858, 806, 

793, 758, 730, 640, 602,571.  

Compound 10, N, Nˈ-(2,9)- butane dioic -3,4,9,10-perylene tetracarboxylic diimide 

functionalized laponite.6 6 (15.5 mg), 3 (105 mg) and 30 mL absolute ethanol were added into 

a 50 mL round bottom flask and the mixture was stirred under reflux overnight. After cooling 

down the crude product was collected via centrifugation (7500 rpm, 15 minutes) and washed 3 

times with ethanol and 3 times with water to remove unreacted reactant. The product was dried 

in an oven at 60℃ overnight and stored for further characterization and photophysical study.  
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Yield: 96%, FT-IR (Golden gate ATR, 4 cm -1): ν = 3383, 1679, 1629, 1595, 1512, 1402, 1327, 

1261, 962, 808, 741, 673, 650. Elemental Analysis for compound 10, Found: C, 7.29; H, 2.34; 

N, 0.84. Solid state CP/MAS 29Si NMR (δ = 8-20 ppm, C-Si(OSi); δ = -85 ppm, incompletely 

concensed Si in lapointe; δ = -95 ppm, fully condensed Si of laponite). Solid state CP/MAS 

13C NMR (δ = -0.9 ppm, 2CH3Si; δ = 14.2 ppm, OSiCH2; δ = 21.5 ppm, SiCH2CH2; δ = 30.3 

ppm, CH2COOH; δ = 43.2 ppm, CHN/CH2N; δ = 105.9 ppm, 2C-perylene; δ = 108.3 ppm, 2C-

perylene, δ = 123.5 ppm, 8CH-perylene; δ = 132.7 ppm, 8C-perylene, δ = 162.1 ppm, 6C=O). 

 

 

Figure S1. Solid state CP/MAS 29Si NMR spectrum of Lap-APES. 
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Figure S2. Solid state CP/MAS 29Si NMR of Lap-PDIo. 

 

 

Figure S3. Solid state CP/MAS 29Si NMR of Lap-PDIa. 
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Figure S4. Solid state CP/MAS 13C NMR spectrum of Lap-APES. 

 

 

Figure S5. Solid state CP/MAS 13C NMR of Lap-PDIo. 
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Figure S6. Solid state CP/MAS 13C NMR of Lap-PDIa.

 

Figure S7. 1H-NMR spectrum of compound 8 in d6-DMSO.  
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Figure S8. UV-Vis absorption of PMIo and Lap, PMIo and Lap-APES and Lap-PDIo in 

DMF.  

 

 

Figure S9.  Fluorescence emission spectra (a) Lap-PDIo (0.01 mg ml-1) and (b) Lap-PDIa 

(0.01 mg ml-1) starting from a 1:9 DMF/water stock dispersion (λexc= 470 nm) in different 

water/DMF mixtures.  
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Figure S10. Fluorescence emission of mixture containing 10 μM of DAPI with different 

concentrations of Lap in 1:1 DMF/water. 
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Figure S11. Fluorescence emission of mixture containing 10 μM of DAPI with different 

concentrations of Lap-PDIo in 1:1 DMF/water. 
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Figure S12. Fluorescence emission of mixture containing 10 μM of DAPI with different 

concentrations of Lap in 9:1 DMF/water. 

 

 

Table S1. Fluorescence Lifetimes of DAPI with different concentrations of Lap-PDIo 

measured at 467 nm.  

[Lap-PDIo] 

(mg/mL) 

90% DMF 50% DMF 

τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) 

0 0.42 (0.15) 2.80 (0.85) 0.34 (0.13) 2.11 (0.87) 

0.005 0.40 (0.16) 2.80 (0.84) 0.32 (0.14) 2.14 (0.86) 

0.010 0.39 (0.17) 2.80 (0.83) 0.32 (0.15) 2.16 (0.85) 

0.020 0.34 (0.18) 2.78 (0.82) 0.29 (0.16) 2.16 (0.84) 

0.029 0.33 (0.18) 2.77 (0.82) 0.32 (0.17) 2.19 (0.83) 

0.048 0.31 (0.22) 2.75 (0.77) 0.33 (0.21) 2.23 (0.79) 

0.091 0.26 (0.42) 2.67 (0.58) 0.30 (0.34) 2.28 (0.66) 
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Table S2. Fluorescence Lifetimes of DAPI with different concentrations of Lap measured at 

467 nm.  

[Lap] 

(mg/mL) 

90% DMF 50% DMF 

τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) 

0 0.42 (0.13)  2.78 (0.87) 0.33 (0.16)  2.11 (0.84)  

0.005 0.43 (0.09)  2.75 (0.91)  0.34 (0.17)  2.11 (0.83)  

0.010 0.43 (0.11)  2.75 (0.89)  0.35 (0.17)  2.12 (0.83)  

0.020 0.44 (0.14)  2.74 (0.86)  0.36 (0.13)  2.14 (0.87)  

0.029 0.46 (0.14)  2.75 (0.86)  0.39 (0.13)  2.17 (0.87)  

0.048 0.47 (0.11)  2.73 (0.89)  0.35 (0.11)  2.18 (0.89)  

0.091 0.49 (0.11)  2.70 (0.89)  0.41 (0.12)  2.25 (0.88) 0. 
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Experimental Section 

Materials. All chemicals were used as received without further purification. Millipore-filtered 

water with a resistivity of 18.2 MΩ·cm was used for all reactions and preparation of dispersions. 

Laponite-RD was donated by BYK Additives (Germany). 1,4,5,8-Naphthalentetracarboxylic 

acid dianhydride (NTCDA) and tetraethylene glycol monoamine were purchased from 

ChemPUR. Perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA) was purchased from 

Alfa Aesar. Potassium hydroxide (85%) and concentrated hydrochloric acid (37%) were 

purchased from ChemSolute. Phosphoric acid, tert-Butanol, dichloromethane, and sea sand 

were purchased from Grüssing. Aminopropyldimethylethoxysilane (APES) was purchased 

from Fluorochem. Methanol, absolute ethanol, and anhydrous N, N-Dimethylformamide (DMF) 

were purchased from FisherScientific. N,N-Dimethylformamide was purchased from TCI 

(Germany). 2-(2-Aminoethoxy)ethanol and TLC Silica gel 60 plates were purchased from 

Merck (Germany). Chloroform and acetic acid were purchased from VWR Chemicals. 

Chloroform-d and dimethylsulfoxide-d6 were purchased from Euriso-Top. Silica gel for 

column chromatography was purchased from Macherey-Nagel. 

Characterization. UV-Vis spectra were collected on a Cary 60 UV−Vis spectrometer (Agilent, 

Santa Clara, CA, USA). A Horiba Fluoromax-4 spectrometer (HORIBA, Kyōto, Japan) was 

used for collecting Steady-State Fluorescence spectra. Time-resolved photoluminescence 

measurements were performed on a FluoTime 300 fluorescence spectrometer (Picoquant, 

Berlin, Germany), in which the light source was a supercontinuum laser (SuperK Fianum, NKT 

Photonics, Copenhagen, Denmark) which passed through a deep UV supercontinuum 

extension unit (SuperK Extend-UV (DUV), NKT Photonics). Fourier-transform infrared 

spectroscopy (FT-IR) measurements were carried out on a Bruker Invenio® (Massachusetts, 

USA). FT-IR spectra were collected by using Golden Gate ATR, 128 scans were averaged and 

recorded at a resolution of 4 cm−1. A NETZSCH TG 209F1 Libra (NETZSCH, Bayern, 

Germany) was used for thermogravimetric analysis (TGA) from 25 ℃ to 700 ℃ with 10 K/min 

heating rate under 20 mL/min flow rate of nitrogen gas. All samples were dried at 100 ℃ in an 

oven overnight before TGA measurements. X-Ray diffractions were performed on a 

PANalytical X´PERT Pro diffractometer (Philips, Netherlands) with Cu Kα radiation 

(wavelength: 1.54Å). Bruker Fourier HD 300 MHz and a Brucker Avance I 400MHz 

(Massachusetts, USA) were used for 1H-NMR characterizations.  
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Synthesis. Synthesis of Naphthene diglycol monoimide (NMI2O)1 

 

Scheme S1. synthesis route of NMI2O 

Naphthalene-1,4,5,8-tetracarboxylic dianhydride (NTCDA, 1.62 mmol, 0.43 g) was dissolved 

in 59 ml water under stirring, and 165 µL 2-(2-aminoethoxy) ethanol was added. In the next 

step, potassium hydroxide (KOH, 0.45 g, 8.02 mmol) was weighed and added to the mixture. 

The pH value was adjusted to 6.36 by adding 10%(w/w) phosphoric acid, followed by heating 

at 100 ℃ for 36 hours. After cooling to room temperature, the pH value of the reaction mixture 

was adjusted to 4.05 by adding acetic acid. In the next step, the mixture was concentrated to 

around 30 mL by rotary evaporation. The product was precipitated out when cooled down to 

4 ℃ in an ice bath, followed by filtration and drying at 80℃ in an oven. 

Yield: 51%,1H NMR (400 MHz, DMSO-d6, 298.15 K, Fig. S2): δ (ppm) = 8.48 (d, J = 7.6 Hz, 

2H, aromatic), 7.96 (d, J = 7.6 Hz, 2H, aromatic), 4.24 (t, J = 6.4 Hz, 2H, CH2), 3.00–4.20 (br, 

6H, CH2). FT-IR (Golden gate ATR, 4 cm-1): ν = 1695, 1650, 1587, 1518, 1432, 1351, 1220, 

1118, 1058, 951, 881, 830, 810, 770, 720, 663, 592, 557, 536. LC-MS (ESI): 355.063 [M]-, 

calculated for C18H13NO7
- [M]-: 355.068. 

Synthesis of APES functionalized Laponite (Lap-APES)2 

 

Scheme S2. synthesis route of Lap-APES 
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Laponite-RD (5 g) was weighed and added to 200 mL water at 50 ℃ and stirred for one hour. 

Aminopropyldimethylethoxysilane (APES, 1.71 g, 2 mL, 10.62 mmol) was dissolved in 50 mL 

water and stirred for 30 min. The APES solution was added into the Laponite dispersion slowly 

and the reaction mixture was stirred at 50 ℃ for 16 hours. After cooling down, the clay was 

collected via centrifugation at 7500 rpm for 5 min, and washed with water three times. The 

resulting crude product was dispersed in 60% methanol/water and stirred for 24 hours. The 

clay was collected via centrifugation at 7500 rpm for 5 min followed by washing with 60% 

methanol/water five times. An off-white powder was gained after drying in a vacuum oven at 

60℃.  

Yield: 76.5%, FT-IR (Golden gate ATR, 4 cm-1): ν = 650, 960, 1257, 1522, 1623,3300. Element 

Analysis for Lap-APES, Found: N, 0.67; C, 2.99; H, 2.53.  

Synthesis of naphthalene diglycol monoimide modified Laponite (Lap-NDI2O)3 

 

Scheme S3. synthesis route of Lap-NDI2O 

Lap-APES (0.1 g) and compound 1, NMI2O (7.46 mg, 0.021 mmol), were dispersed in 5 mL 

methanol in a pyrex microwave reactor tube. The mixture was stirred for 5 min at 25 ℃ 

followed by sonication for 30 min. Once placed in the microwave reactor (CEM Discover, 

Matthews, NC, USA), the mixture was stirred for 2 min before irradiation at 100 W to achieve 

100 ℃ for 1 min, followed by 140 ℃ for 10 min and then cooling of the tube. The resulting 

product was centrifuged for 10 min at 7500 rpm. The crude product was purified by washing 

it with methanol and water 3 times. The product was dried in a vacuum oven at 60 ℃ overnight.  

Yield: 80%, FT-IR (Golden gate ATR, 4 cm-1): ν = 650, 768, 796, 960, 1250, 1346, 1380, 1460, 

1578, 1638, 1701, 3300. Element Analysis for Lap-NDI2O, Found: N, 0.88; C, 5.68; H, 2.42. 



S5 
 

 

Synthesis of perylene tetraethylene glycol diimide (PDI4O)4 

 

Scheme S4. synthesis route of PDI4O 

Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA, 0.1 g, 0.2549 mmol), tetraethylene 

glycol monoamine (92 µL, 98 mg, 0.5098 mmol) and 8 mL anhydrous DMF were to a 

microwave reactor tube. The mixture was sonicated for 10 min prior to being placed in the 

microwave reactor. The dispersion was stirred for 30 seconds and heated with 100W to 200 ℃ 

for 35 min. After cooling down, DMF was removed via rotary evaporation. The crude product 

was purified via column chromatography (DCM: CH3OH = 9:1). The purified product was 

obtained as a red powder after removal of solvent by rotary evaporation. 

Yield: 84%,1H NMR (400 MHz, CDCl3, 298.15 K, Fig. S3): δ (ppm) = 8.65 (d, J = 8.0 Hz, 4H, 

aromatic), 7.56 (d, J = 7.8 Hz, 4H, aromatic), 4.48 (t, J = 5.9 Hz, 4H, CH2N), 3.88 (t, J = 5.9 

Hz, 4H, CH2OH), 3.63 (m, J = 5.9 Hz, 24H, CH2O). FT-IR (Golden gate ATR, 4 cm -1): ν = 

3360, 2927, 2867, 1691, 1651, 1591, 1573, 1508, 1436, 1400, 1360, 1342, 1246, 1183, 1110, 

1090, 1024, 991, 931, 857, 809, 794, 741, 715, 632, 587. LC-MS (ESI): 742.273 [M]-, 

calculated for C40H42N2O12
- [M]-: 742.274. 

Synthesis of perylene tetraethylene glycol monoimde (PMI4O)5,6 
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Scheme S5. synthesis route of PMI4O 

Perylenetetraethyleneglycol diimide (PDI4O, 0.1074 g, 0.14 mmol) was dispersed in 30 mL 

tert-butanol, and potassium hydroxide (KOH, 48 mg, 0.72 mmol) was added into the dispersion. 

The reaction was stirred under reflux for around 2 hours. The reaction was controlled by thin-

layer chromatography (DCM: methanol = 9:1) till all PMI4O reacted. 20 mL glacial acetic acid 

and 20 mL 1M hydrochloric acid (HCl) was added to the cooled reaction mixture. The acidified 

reaction mixture was stirred at room temperature for 18 hours. Solids were filtered out on filter 

paper (Whatman® qualitative filter paper, Grade 1) and the filtrate was extracted in chloroform 

three times. The combined organic phases were dried over anhydrous magnesium sulfate 

followed by filtration. The product was obtained as a violet powder after removing the solvent 

by rotary evaporation.  

Yield: 78%,1H NMR (300 MHz, CDCl3, 298.15 K, Fig. S4): δ (ppm) = 8.61 (m, 6H, aromatic), 

8.18 (d, J = 7.0 Hz, 2H, aromatic), 4.48 (t, 2H, CH2), 4.20 (m, 4H, CH2), 3.88 (d, J = 5.5 Hz, 

2H, CH2), 3.65 (m, 8H, CH2). FT-IR (Golden gate ATR, 4 cm-1): ν = 3370, 2927, 2850, 1734, 

1719, 1691, 1649, 1598, 1578, 1489, 1461, 1441, 1400, 1365, 1345, 1246, 1099, 1052, 928, 

885, 857, 809, 794, 746, 713, 635, 604. LC-MS (ESI): 567.153 [M]-, calculated for C32H25NO9
- 

[M]-: 567.153. 

Synthesis of perylene tetraethylene glycol monoimide modified Laponite (Lap-PDI4O)7,8 

 

Scheme S6. synthesis route of Lap-PDI4O 

Perylene tetraethylene glycol monoimide (PMI4O,11.92 mg, 0.021 mmol) and Lap-APES 

(0.1g) were dispersed in 30 mL absolute ethanol. The reaction dispersion was stirred under 
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reflux for 18 hours. After cooling down, the dispersion was centrifugated at 7500 rpm for 15 

min followed by washing with chloroform and water three times. The resulting product was 

dried in a vacuum oven at 60℃.  

Yield: 85%, FT-IR (Golden gate ATR, 4 cm-1): ν = 3330, 2957, 1689, 1641, 1593, 1575, 1513, 

1494, 1446, 1406, 1370, 1352, 1260, 960, 806, 747, 647. Elemental Analysis for Lap-PDI4O, 

Found: N, 1.03; C, 7.11; H, 2.35. 

Methods. Lap-NDI2O and Lap-PDI4O were dispersed in DMF as stock solutions with 

concentrations of 1 mg/mL.  A 2 mM stock solution of CTAB was used for pillaring of the 

clay. 0.778 μmol of CTAB (1.2x CEC of Laponite) was added to 0.1 mg/mL of the Lap-NDI2O. 

Fluorescence lifetime measurements were carried out at room temperature 1.5 hours after 

adding CTAB. To ensure complete pillaring fluorescence spectra were taken after 24 hours in 

the dark.  

 

Figure S1. FT-IR spectra of Laponite (Lap), perylene diimide modified Laponite (Lap-

PDI4O), naphthalene diimide modified Laponite (Lap-NDI2O), and aminosilane modified 

Laponite (Lap-APES) 
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Figure S2. FT-IR spectra of naphthalene and perylene modified Lap and 

precursors/intermediates: naphthalene tetracarboxylic dianhydride (NTCDA), naphthalene 

monoimide (NDI2O), naphthalene diimide modified Laponite (Lap-NDI2O), perylene 

tetracarboxylic dianhydride (PTCDA), perylene monoimide (PMI4O), perylene diimide 

modified Laponite (Lap-PDI4O).  
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Figure S3. X-ray diffractograms of pristine Laponite (Lap), perylene diimide modified 

Laponite (Lap-PDI4O), naphthalene diimide modified Laponite (Lap-NDI2O), aminosilane 

modified Laponite (Lap-APES), CTAB pillared mix of Lap-NDI and Lap-PDI hybrid (Lap-

NDI2O-PDI4O-CTAB). 

 

 

 

Figure S4. TGA curves of pristine Laponite (Lap), perylene diimide modified Laponite (Lap-

PDI4O), naphthalene diimide modified Laponite (Lap-NDI2O), and aminosilane modified 

Laponite (Lap-APES). 
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Figure S5. 1H NMR spectrum of naphthalene monoimide (NMI2O, 400 MHz, DMSO-d6, 

298.15 K) 
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Figure S6. 1H NMR spectrum of perylene diimide (PDI4O, 400 MHz, CDCl3, 298.15 K) 

 

 

Figure S7. 1H NMR spectrum of perylene monoimide (PMI4O, 300 MHz, CDCl3, 298.15 K) 

 

Figure S8. Normalized UV-Vis spectrum of acceptor (Lap-PDI4O, black, 0.01 mg/mL in 

90% water) and normalized fluorescence spectrum of donor (Lap-NDI2O, red, 0.1 mg/mL in 

90% water, λex=350 nm) 
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Figure S9. Fluorescence emission spectra of donor (Lap-NDI2O, 0.1 mg/mL, λexc= 350 nm) 

with increasing concentration of acceptor (Lap-PDI4O, mg/mL) in different DMF/water 

mixtures (a) 90% water and (b) 82.5% water and (c) 75% water. Arrow indicates increasing 

acceptor (Lap-PDI4O) concentration. 
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Figure S10. Fluorescence intensity relative to donor (Lap-NDI2O) alone at 485 nm as a 

function of the concentration of acceptor (Lap-PDI4O) in different DMF/water mixtures with 

and without CTAB. (a) 82.5% water and (b) 75% water and (c) 67.5% water. 

Table S1. Fluorescence Lifetimes of Lap-NDI2O (0.1 mg/mL) pillared with 0.778 μmol CTAB 

in 90% water with different concentrations of Lap-PDI4O, measured at 490 nm (λex= 345 nm).  

[Lap-PDI4O] 

(μg/mL) 

τ1 (ns) τ2 (ns) τ3 (ns) τavg. (ns) 

0 1.5 (0.47) 8.78 (0.28) 25.39 (0.25) 9.61 

1 1.33 (0.56) 7.3 (0.26) 24.08 (0.18) 6.94 

2 1.241(0.61) 6.76 (0.24) 23.45 (0.15) 5.91 

3 1.153 (0.7) 6.3 (0.19) 22.697 (0.11) 4.471 

4 0.994 (0.73) 5.34 (0.18) 21.07 (0.09) 3.575 

5 0.982 (0.74) 5.65 (0.17) 21.54 (0.09) 3.54 
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Supporting Information:  

 

Cascade Förster Resonance Energy Transfer Between Layered 

Silicate Edge-linked Chromophores 
 

Hongxiao Xiang1, Eric H. Hill1,2* 

1Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, 20146 Hamburg, 

Germany 

2 The Hamburg Center for Ultrafast Imaging (CUI), Luruper Chausee 149, 22761 Hamburg, 

Germany 

*E-mail: eric.hill@uni-hamburg.de 

Detailed Methods 

Materials. All chemicals were used as received without further purification. Sodium ascorbate 

was purchased from Sigma-Aldrich (Germany). Concentrated hydrochloric acid (HCl, 37%) 

and sodium azide (NaN3) were purchased from ChemSolute. Potassium carbonate (K2CO3), 

sodium nitrite (NaNO2), tert-Butanol, and sea sand were purchased from Grüssing. Toluene, 

n-Hexan, and anhydrous N, N-Dimethylformamide (DMF) were purchased from Fisher 

Scientific. N, N-Dimethylformamide (DMF), and ethyl acetate were purchased from VWR 

Chemicals. Copper(II) sulfate (CuSO4) was purchased from Roth. (3-

Chloropropyl)methoxydimethylsilane was purchased from ABCR. Thin Layer 

Chromatography (TLC) Silica gel 60 plates were purchased from Merck (Germany). 

Chloroform-d (CDCl3) and dimethylsulfoxide-d6 (DMSO-d6) were purchased from Euriso-Top. 

Silica gel for column chromatography was purchased from Macherey-Nagel. Millipore-filtered 

water with a resistivity of 18.2 MΩ·cm was used for all reactions and preparation of dispersions. 

 

 Synthesis. Synthesis of 5-(Diethylamino)-2-nitrosophenol (2)[1,2] 

 

Scheme S1. synthetic route of compound 2 

mailto:eric.hill@chemie.uni-hamburg.de
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3-(Diethylamino) phenol (1, 40.36 mmol, 6.67 g) was dissolved in 8 mL water and 14 mL 

concentrated hydrochloric acid (HCl) under stirring. The solution was cooled down to 0℃ in 

an ice bath. A solution of sodium nitrite (NaNO2, 36.52 mmol, 2.52 g) in 20 mL water was 

prepared in a separate flask. In the next step, the solution of sodium nitrite was dropwise added 

into the reaction solution within 30 minutes.  The reaction mixture was stirred at 0℃-5℃ for 

4 hours. After the reaction, the formed solid was filtered out and dried at 60 ℃ overnight. For 

purification, the dried crude product was recrystallized in ethanol. A brown powder was gained 

as a mixture of 2 and 2´ by filtration and drying at 60℃ in an oven. 

Yield: 25%,1H NMR (300 MHz, DMSO-d6, 298.15 K, Fig. S8): δ (ppm) = 7.55 (d, J = 10.4 

Hz, 1H, aromatic), 7.20 (d, J = 8.2 Hz, 1H, aromatic), 6.48 (s, 1H, aromatic), 3.58 (br, 4H, 

CH2), 1.29 (m, 6H, CH3). LC-MS (ESI): 195.114 [MH]+, calculated for C10H15N2O2
+ [MH]+: 

195.113. 

 

Synthesis of 2-Hydroxy Nile Red (4)[1,3] 

 

Scheme S2. synthetic route of compound 4 

5-(Diethylamino)-2-nitrosophenol (2, 4.33 mmol, 1 g) and 1,6-Dihydroxynaphthalene (3, 5.10 

mmol, 0.75g) were weighed and dissolved 90 mL N, N-Dimethylformamide (DMF). The 

reaction mixture was stirred at 155 ℃ for 4 hours. After cooling down, the solvent was removed 

via a rotary evaporator. The gained crude product was poured into 200 mL brine and the 

precipitated solid was filted out and washed with a mixture of dichloromethane and methanol 

with a ratio of 4: 1. A light brown powder was gained after drying in an oven at 60℃.  

Yield: 29%, 1H NMR (300 MHz, DMSO-d6, 298.15 K, Fig. S9): δ (ppm) = 10.43 (s, 1H, OH), 

7.98 (d, J = 8.6 Hz, 1H, aromatic), 7.90 (s, 1H, aromatic), 7.60 (d, J = 9.0 Hz, 1H, aromatic), 

7.10 (dd, J = 8.6 Hz, J = 2.5 Hz, 1H, aromatic), 6.82 (dd, J = 10.4 Hz, J = 1.6 Hz, 1H, aromatic), 

6.67 (d, J = 6.8 Hz, 1H, aromatic), 6.17 (s, 1H, aromatic), 3.52 (q, J = 6.7 Hz, 4H, CH2), 1.17 

(m, 6H, CH3). LC-MS (ESI): 335.141 [MH]+, calculated for C20H19N2O3
+ [MH]+: 335.140. 
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Synthesis of 9-(Diethylamino)-2-(2-propyn-1-yloxy)-5H-benzo[a]phenoxazin-5-one (6)[4] 

 

Scheme S3. synthetic route of compound 6 

2-Hydroxy Nile Red (4, 0.32 mmol, 0.1 g) was weighed and dissolved in 5 mL anhydrous N, 

N-Dimethylformamide (DMF) followed by getting cooled in an ice bath. Potassium carbonate 

(K2CO3, 1.29 mmol, 0.18 g) was added to the cooled solution. In the next step, propargyl 

bromide (5, 1.29 mmol, 0.1 mL) was added dropwise. The reaction mixture was stirred at 70 ℃ 

for 3 hours. After cooling down, the reaction solution was concentrated under reduced pressure 

and purified via column chromatography (n-hexane: ethylacetate = 4:1). The purified product 

was obtained as a brown powder after removal of the solvent via rotary evaporation and dried 

in an oven at 60℃.   

Yield: 19%, 1H NMR (300 MHz, DMSO-d6, 298.15 K, Fig. S10): δ (ppm) = 8.09 (d, J = 8.8 

Hz, 1H, aromatic), 8.06 (d, J = 2.6 Hz, 1H, aromatic), 7.65 (d, J = 9.1 Hz, 1H, aromatic), 7.34 

(dd, J = 8.8 Hz, J = 2.6 Hz, 1H, aromatic), 6.85 (dd, J = 9.1 Hz, J = 2.6 Hz, 1H, aromatic), 6.69 

(d, J = 2.8 Hz, 1H, aromatic), 6.23 (s, 1H, aromatic), 5.04 (d, J = 2.4 Hz, 2H, OCH2), 3.68 (t, 

J = 2.2 Hz, 1H, ≡CH), 3.53 (q, J = 6.9 Hz, 4H, CH2), 1.18 (t, J = 7.0 Hz, 6H, CH3). FT-IR 

(Golden gate ATR, 4 cm-1): ν = 590, 638, 690, 756, 788, 806, 819, 844, 862, 892, 923, 925, 

1006, 1080, 1114, 1147, 1176, 1193, 1209, 1247, 1265, 1334. 1373, 1404, 1467, 1490, 1517, 

1548, 1589, 1639, 1672, 2108, 2850, 2871, 2925, 2964, 3190, 3286. LC-MS (ESI): 373.154 

[MH]+, calculated for C23H21N2O3
+ [MH]+: 373.155. 

 

Synthesis of 1-Azido-3-(methoxydimethylsilyl)propane (10)[5] 
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Scheme S4. synthetic route of compound 10 

Under the protection of nitrogen, (3-Chloropropyl)methoxydimethylsilane (9, 8 mmol, 1.06 

mL) and sodium azide (16 mmol, 1.04 g) were added to 20 mL N, N-Dimethylformamide 

(DMF). The reaction mixture was stirred at 100 ℃ for 24 hours. After cooling down, the solid 

was filtered out and the filtrate was concentrated via a rotary evaporator. The product was 

gained as a pale yellow liquid. 

Yield: 99%, 1H NMR (300 MHz, CDCl3-d, 298.15 K, Fig. S11): δ (ppm) = 3.44 (m, 2H, 

N3CH2), 3.27 (m, 3H, OCH3), 1.64 (m, 2H, CH2), 0.64 (m, 2H, CH2), 0.12 (t, J = 11.0 Hz, J = 

4.0 Hz, J = 2.2 Hz, 6H, CH3). LC-MS (ESI): 174.107 [M+H]+, calculated for C6H16N3OSi+ 

[M+H]+: 174.106. 

 

Synthesis of Lap-N3 (7)[6] 

 

Scheme S5. synthetic route of Lap-N3 (7) 

Laponite (Lap, 0.5 g) was dried at 120 ℃ for 24 hours and transferred in a microwave reactor 

tube. Compound 10 (8.19 mmol, 1.42g) in 2 mL toluene was dropwise added. Another 8 mL 

toluene was added in the same tube, followed by 30 minutes of sonication. The reaction mixture 

was inserted in a microwave reactor and heated to 100 ℃ under stirring for 1 hour. In the next 

step, the solid was filtered off and rinsed with 50 mL methanol. The gained product was dried 

at 80 ℃ overnight in an oven. 

Yield: 99%, FT-IR (Golden gate ATR, 4 cm -1): ν = 651, 794, 840, 960, 1253, 1656, 2106, 

2879, 2933, 2954, 3107, 3681. 
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Synthesis of Lap-NR (8)[1,6] 

 

Scheme S6. synthetic route of Lap-NR (8) 

Compound 7 (Lap-N3, 114.88 mg), compound 6 (10.73 mg, 29 μmol), copper(II) sulfate 

(CuSO4∙5H2O, 5.8 μmol, 0.92 mg), and sodium ascorbate (5.8 μmol, 1.14 mg)  were weighted 

and dispersed in 5 mL mixture of tert-butanol and water with a ratio of 1:1. The reaction 

mixture was treated with 30 minutes sonication, followed by inserted in a microwave reactor. 

In the next step, the reaction dispersion was heated to 100℃ under stirring and held for 10 

minutes. As the reaction terminated, the product was washed with N, N-Dimethylformamide 5 

times via centrifugation (7500 rpm, 10 minutes), followed by washing with water for another 

3 times. The product was dried at 60 ℃ in an oven for 3 days and gained as a dark purple 

powder.  

Yield: 97%, FT-IR (Golden gate ATR, 4 cm-1): ν = 646, 960, 1253,1384, 1413, 1438, 1496, 

1595, 1660, 1822, 1978, 2011, 2034, 2048, 2069, 2812, 2885, 2933, 3107, 3625, 3687, 3712, 

3784.  
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Figure S1. FT-IR spectra of compound 6 (purple), Nile red derivative modified Laponite 

(Lap-NR, purple-red), azide end group modified Laponite (Lap-N3, orange), and the pristine 

Laponite (Lap, yellow). 

 

 

Figure S2. TGA curves of pristine Laponite (red, Lap), azide end group modified Laponite 

(purple, Lap-N3), and Nile red derivative modified Laponite (orange, Lap-NR). 
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Figure S3. (a) UV-Vis absorbance spectra of rhodamine 6G (R6G, 20μM) and (b) 

Fluorescence spectra of R6G (2 μM, λex =520 nm) in various water/DMF composites.  

 

 

 

 

Figure S4. Normalized Fluorescence Spectra, λex = 350 nm (a) of R6G in 50% Water (2 μM), 

R6G (0.133 μM) on Lap (0.1 mg/mL), and R6G (0.133 μM) with increasing Lap 

concentration (0.13 mg/mL, Lap + R6G + Lap). (b) Zoomed-in wavelength ranges from 550 

nm to 570 nm. 
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Figure S5. (a): Normalized UV-Vis spectra (solid lines) and Fluorescence spectra (dashed 

lines) of Lap-NDI (blue, 0.1 mg/mL, λex = 350 nm), R6G (green, 20 μM, λex = 520 nm), and 

Lap-NR (red, 0.1 mg/mL, λex = 540 nm); (b) Energy level diagram illustrating the cascade 

FRET process: upwards arrows refer to excitation, downwards arrows refer to fluorescence 

emission, and black curved arrows refer to internal conversion. 

 

 

Figure S6. λex = 350 nm, I/I0 at 485 nm as a function of the concentration of R6G (purple 

square), Lap-NR (orange square), and Lap (orange crossing square) in 50% water (a), and I/I0 

at 560 nm as a function of the concentration of Lap-NR (purple square) and Lap (orange 

square) in 50% water (b). 
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Figure S7. λex = 350 nm, I/I0 at 560 nm as a function of the concentration of Lap-NR in 

37.5% water (orange square), 50% water (red circle), and 62.5% water (purple triangle). 

 

Figure S8. 1H-NMR of compounds 2 and 2´. 
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Figure S9. 1H-NMR of compound 4. 

 

Figure S10. 1H-NMR of compound 6. 
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Figure S11. 1H-NMR of compound 10. 

Table S1. Fluorescence Lifetimes of Lap-NDI (0.1 mg/mL) in 50% water with increasing 

concentrations of R6G and Lap-NR (λem= 480 nm, λex= 345 nm).  

[R6G] 

(μM) 

τ1 (ns) τ2 (ns) τ3 (ns) τavg (ns) 

0 17.39 (17%) 3.74 (33%) 0.47 (50%) 4.46 

0.016 16.96 (16%) 3.70 (32%) 0.47 (52%) 4.15 

0.033 16.00 (15%) 3.33 (32%) 0.43 (53%) 3.66 

0.049 15.49 (14%) 3.31 (31%) 0.44 (55%) 3.37 

0.066 15.28 (13%) 3.30 (31%) 0.42 (56%) 3.23 

0.083 14.71 (12%) 3.17 (31%) 0.40 (57%) 2.95 

0.099 15.13 (13%) 3.24 (31%) 0.42 (56%) 3.15 

0.116 14.78 (11%) 3.20 (31%) 0.42 (58%) 2.88 

0.133 14.43 (11%) 3.08 (31%) 0.40 (58%) 2.77 

[Lap-NR] 

(mg/mL) 

τ1 (ns) τ2 (ns) τ3 (ns) τavg (ns) 

0.01 14.54  (11%) 3.14 (31%) 0.42 (58%) 2.82 

0.02 14.62 (11%) 3.18 (31%) 0.43 (58%) 2.84 
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0.03 14.64  (11%) 3.16 (31%) 0.43 (58%) 2.83 

0.04 14.64 (11%) 3.20 (30%) 0.43 (58%) 2.87 

0.05 14.59 (11%) 3.12 (31%) 0.41 (58%) 2.81 

 

Table S2. Fluorescence Lifetimes of R6G (0.133 μM) in 50% water in the presence of Lap-

NDI (0.1 mg/mL) with increasing concentrations of Lap-NR (λem= 550 nm, λex= 345 nm).  

[Lap-NR] 

(mg/mL) 

τ1 (ns) τ2 (ns) τAvAmp. (ns) 

0 8.00 (10%) 3.23 (90%) 3.68 

0.01 8.58 (10%) 3.26 (90%) 3.78 

0.02 7.86 (12%) 3.12 (88%) 3.70 

0.03 7.62 (14%) 3.06 (86%) 3.70 

0.04 7.32 (16%) 2.93 (84%) 3.62 

0.05 7.17 (17%) 2.89 (83%) 3.64 
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