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ABSTRACT 

Control of Contact Charging on Polymers with Organic Charge-Transfer 

Complexes and Quantum Dots 

Sunay Dilara Ekim 

M.S. in Materials Science and Nanotechnology

Advisor: Bilge BAYTEKIN 

August 2022 

Contact charging, also known as triboelectrification, occurs when two insulator materials 

are contacted and separated. The mechanism of polymer triboelectrification and the 

following charge dissipation are still ‘mysteries’ in the current scientific research. 

However, generation and transfer of contact charges on surfaces could be harmful to many 

industries. It causes substantial economic losses in, e.g., space industry where satellites are 

damaged, in pharmaceuticals where charging of powder drugs is a severe problem for 

process and manufacturing, and in microelectronics where MEMs devices suffer from 

triboelectric charging. So far, the common approach to this problem is to render surfaces 

conductive with high loading of conductive additives, which is not ideal for most of the 

industrial applications. This thesis presents some efforts to open and explore new light-

controlled discharging mechanisms for contact-charges on polymers, without an increase 

in surface conductivity of the polymer surface. The antistatic behavior of the polymer 

surfaces are achieved by doping of organic charge-transfer complexes (CTC)s or quantum 

dots (CdSe, CdSe/ZnSe). In the first part of the study, the CTCs formed from pyrene and 

its derivatives, and TCNQ doped into the polydimethylsiloxane (PDMS) were found to 

affect a faster discharge compared to the discharging on undoped polymers, as monitored 

by Faraday cup measurements. In a second setup, solutions of CTCs dropped into the vials 

of contact charged polymer beads in hexane affected a similar faster discharge of the beads, 

which was monitored by the fall time of the beads. In both solid samples and with the 

beads in hexane, the time required for the polymer discharge mediated by each CTC was 
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related to the CTCs degree of charge transfer. Additionally, when the samples were excited 

by a UV source, the charge decays were faster in comparison to the non-illuminated 

samples. Theoretical calculations confirmed that HOMO-LUMO gap decreases upon 

excitation, which enhances the dissipation of tribocharges. It was also found that hydrogen 

bonds between donor and acceptor moieties alter the CTC morphology in PDMS, which 

yields differences in charging and discharging behavior. The formed CTC-composites 

were characterized by UV-Vis, AFM, XRD, and SEM. In the second part of this thesis, 

CdSe, CdSe/ZnSe quantum dots (QD) were doped in the polymers to test the polymer 

discharging performance of these materials. The formed QD-composites were 

characterized by UV-Vis, TRF, XRD, SEM, and TEM. This new set of materials bring in 

their unique properties to the polymer composites, i.e., bandgaps which are tunable, and 

quantum confinement effects in the nanocrystals. These properties unlatch new doors to 

the charge dissipation, one of which was explored by changing spatial delocalization of 

holes and electrons in semiconductors with band-gap engineering.  

In this study, the faster discharging on polymers doped with CTCs and QDs 

affected by a control of their properties, like degree of charge transfer (for CTC) and hole-

electron localizations (QD) were displayed. It was shown that light-controlled remote 

discharging maybe expanded to other types of materials, and it can be fine-tuned by 

materials’ properties.  The results point towards other possible but yet unexplored 

discharging mechanisms with unconventional additives, which do not simply increase the 

polymers’ surface conductivity. Finally, we believe that these findings can be useful where 

materials are needed to be antistatic, but not conductive, such as in the electronic coatings.  
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Triboelektrik olarak da bilinen dokunma ile elektriklenme, iki yalıtkan malzeme 

birbirine temas ettiğinde ve ayrıldığında meydana gelir. Polimerlerde triboelektrik 

mekanizması ve yük sönümlenmesi mevcut bilimsel araştırmalarda hala bir gizemdir. 

Bununla birlikte, yüzeylerde statik elektrik birikimi ve sönümlenmesi birçok endüstri için 

zararlı olabilir. Örneğin, uyduların zarar gördüğü uzay endüstrisinde, toz ilaçların proses 

ve üretim süeçlerinde biriken statik elektrik ciddi bir sorundur ve MEMS cihazlarının 

triboelektriklenmeden muzdarip olduğu mikro elektronikte önemli ekonomik kayıplara 

neden olur. Şimdiye kadar, bu soruna ortak yaklaşım, endüstriyel uygulamaların çoğu için 

ideal olmayan yüksek iletken katkı maddeleri katkılanarak yüzeyleri iletken hale 

getirmektir. Bu tez, polimer yüzeyinin yüzey iletkenliğinde bir artış olmaksızın, polimerler 

üzerindeki temas yükleri için yeni ışık kontrollü sönümleme mekanizmalarını keşfetmek 

için araştırmalar sunmaktadır. Polimer yüzeylerin antistatik davranışı, organik yük transfer 

komplekslerinin (CTC) veya kuvantum noktalarının (CdSe, CdSe/ZnSe) katkılanmasıyla 

elde edilir. Çalışmanın ilk bölümünde, piren ve türevlerinden oluşturulan CTC'ler ve 

polidimetilsiloksan (PDMS) içine katkılı TCNQ'nun, Faraday kap ölçümleri ile izlendiği 

gibi, katkısız polimerlerdeki yük sönümlemesine kıyasla daha hızlı bir sönümleme 

gerçekleştirdiği bulundu. İkinci bir düzenekte, hekzan içindeki triboelektrik yüklü polimer 

boncukların şişelerine damlatılan CTC çözeltileri, boncukların düşme süresi ile 

boncukların daha hızlı yük sönümlemesini etkiledi. Hem katı numunelerde hem de hekzan 
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içindeki boncuklarla, her bir CTC'nin aracılık ettiği polimer yük sönümlemesi için gereken 

süre, CTC'lerin yük transfer derecesi ile ilgilidir. Ek olarak, numuneler bir UV kaynağı 

tarafından uyarıldığında, ışıksız numunelere kıyasla yük azalmaları daha hızlı olmuştur. 

Teorik hesaplamalar, uyarım üzerine HOMO-LUMO aralığının azaldığını ve bu da tribo 

şarjların dağılmasını arttırdığını doğruladı. Verici ve alıcı kısımlar arasındaki hidrojen 

bağlarının PDMS'deki CTC morfolojisini değiştirdiği, bu da yükleme ve yük sönümleme 

davranışında farklılıklara neden olduğu bulundu. Oluşturulan CTCler UV-Vis, XRD, 

KPFM, ve SEM ile karakterize edildi. Bu tezin ikinci bölümünde, bu malzemelerin polimer 

yük sönümleme performansını test etmek için polimerlerde CdSe, CdSe/ZnSe kuantum 

noktaları (QD) katkılanmıştır. Sentezlenen ve oluşturulan QD ve QD-kompozitleri UV-

Vis, XRD, TRF, SEM ve TEM ile karakterize edildi. Bu yeni malzeme seti, polimer 

kompozitlere benzersiz özelliklerini, yani ayarlanabilir bant boşluklarını ve 

nanokristallerdeki kuvantum hapsetme etkilerini getiriyor. Bu özellikler, yük dağılımına 

yeni kapılar açar; bunlardan biri, bant aralığı mühendisliği ile yarı iletkenlerdeki 

boşlukların ve elektronların uzamsal yer değiştirmesinin değiştirilmesiyle keşfedilmiştir. 

Bu çalışmada, yük transfer derecesi (CTC için) ve electron-boşluk lokalizasyonları 

(QD) gibi özelliklerinin kontrolünden etkilenen CTC'ler ve QD'ler ile katkılı polimerler 

üzerinde daha hızlı triboelektrik yük sönümlendiği gösterildi. Işık kontrollü uzaktan yük 

sönümlemenin diğer malzeme türlerine genişletilebileceği ve malzemelerin özelliklerine 

göre ince ayar yapılabileceği gösterildi. Polimerlerin yüzey iletkenliğini artırmayan, 

geleneksel olmayan katkı maddeleri içeren diğer olası ancak henüz keşfedilmemiş yük 

sönümleme mekanizmalarını ortaya çıkardı. Son olarak, bu bulguların, elektronik 

kaplamalar gibi malzemelerin antistatik ancak iletken olmaması gereken durumlarda 

faydalı olabileceğine ve ilham kaynağı olabileceğine inanıyoruz. 
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fall under our noses and beards; and as for the tyrant, there are a million of us 
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Chapter 1 

1. Introduction 

1.1 What is Triboelectricity? 

Electrostatic charges develop when two surfaces are contacted and separated. This 

phenomenon, contact electrification or triboelectrification, is not yet clearly understood. 

Triboelectricity was first discovered when human hair was electrified with amber, known 

as the ‘amber effect’ [1]. Static electricity is a natural phenomenon and manifests itself in 

different events in our daily lives. When a balloon is rubbed, it attracts and sticks to other 

materials. Our hair can get electrified upon friction between the hair and the comb, 

especially on dry days. Indeed, to mitigate charges on hair, positively charged surfactants 

and polymers are added to shampoos and conditioners [7]. Triboelectricity could occur 

between solid-solid, solid-liquid, liquid-liquid, liquid/gases, and solid/gases interfaces [2]. 

Accumulation of static charges may result in electrostatic discharging (ESD). Lightning is 

a form of ESD. Two materials -grounded or not grounded- may exchange their contact 

charges. You can feel a sudden shock of ESD when you touch a metal door knob after 

walking or rubbing your feet to the ground.  

Contact charging can be used in (industrial) applications. In these applications, 

generated contact charges are used [3]. For example, mechanical energy harvesting 

nanogenerators known as TENGs use mechanical energy to develop triboelectric charging 

between contacting surfaces, which can be used in powering devices [4]. 

Electrophotography and electrostatic coating are other applications of contact charging [5] 

[6].   
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1.2  Triboelectric Series 

Different materials, polymers, metals, semiconductors, and ceramics, can get 

charged by rubbing, friction, and contact. The triboelectric series, named by Shawn in 1917, 

is a guide for material selection based on the tendency of charges of materials [9]. JC 

Wilcke obtained the first triboelectric list in 1757 [8]. Then, many scientists, e.g., Faraday, 

Jamin, and Bouty, proposed their lists.   

 

Figure 1. 1. An example of a triboelectric series of materials, adapted from [10] and [11]. 

 

 Although the materials generally comply with the order in the triboelectric series, 

there are different series in the literature with materials in other orders. Different conditions 

in the experimental process, polymer processing history, contaminations in the samples, 

mechanical deformations on the sample surface, asymmetry in the mechanical contact, and 

material transfer during the contact are possible sources of these inconsistencies. In the last 

decade, it was shown that the charges on surfaces are neither all positive nor all negative. 

On the polymer surfaces, all materials have domains of positive and negative charges. The 

usual method of measuring contact charges at the macro scale displays a mathematical sum 

of the charges in these domains, which can turn out to be (minute) positive or negative 

depending on the regions selected for charge measurements [10], [37], and [39]. 

1.3 Proposed Mechanisms of Triboelectric Charge Generation and 

Dissipation 

The mechanism of triboelectricity, which occurs at different interfaces and in different 

materials, is a matter of debate for scientists. Generally, an electron transfer mechanism is 

proposed for all contacts, leading to a false generalization and over-simplification of the 

complex phenomenon. This proposal is made because triboelectric studies are focused on 

the metal-metal or polymer-metal interfaces. However, if electron transfer is the cause of 

contact charging also in polymer-polymer contacts, where is the source of these transferred 
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electrons in insulators - the materials for which the electrons are localized in the orbitals? 

This fundamental question led to discussing five charging mechanisms in connection with 

charging phenomena in recent years: electron transfer, ion transfer, material transfer, bond-

breaking, and the combined mechanism. These mechanisms are illustrated in Figure 1.2. 

 

Figure 1.2. The schematic illustration of triboelectric mechanisms a) electron-transfer b) 

ion-transfer, c) material transfer, d) bond breaking mechanism, e) combined mechanism. 
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1.3.1 Electron transfer 

Work function (∅) is the energy required to remove an electron from a surface. When two 

metal surfaces are contacted, the electron flows from the material with a lower work 

function to the material with a higher work function. Fermi levels of the two surfaces are 

equalized, and thermodynamic equilibrium is created. Figure 1.3 shows the electron 

transfer mechanism for metal-metal interfaces. A metal with a low work function (A) is 

charged positively because it gives electrons, and a metal with a high work function (B) is 

charged negatively because it receives electrons. Contact potential difference (VC) is 

generated due to the flow of electrons between metal surfaces. 

𝑉𝐶 =
∆∅

𝑒
 =

∅𝐵 − ∅𝐴

𝑒
 

e is the charge on the electron (e=1.6 x 10-16 C) [12]. 

 

 

 

Figure 1.3. A schematic scheme of energy band diagram of two metals before contact and 

after contact  

 

The gap between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) is very high for insulators. Due to this large gap, 

electron transfer does not occur in insulator surfaces in thermodynamic equilibrium. 

Lowell proposed that electron transfer in insulators occurs through localized states (traps) 

which shifts the energy, but these defects are insufficient to account for observed charging 

[13], [14], [15].  
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It has been shown that when perovskite crystalline structure surfaces are contact-

charged, surface lattice deformations occur, creating surface dipoles. These surface dipoles 

create an electric field and enable electron transfer [16]. In a different study, it has been 

shown that electrons can be excited to the conduction band in semiconductors with small 

band gaps due to the friction during contact of the surfaces [17], [18]. Yet, there is no 

convincing study to provide evidence that polymers can undergo a direct electron transfer 

in triboelectrification [19].  

 

1.3.2 Ion transfer 

When Knoblauch contact-charged solid organic acids and bases with filter paper, solid 

organic acids were negatively charged, and solid organic bases were positively charged. 

He proposed the proton transfer mechanism for his observation [20]. Similarly, researchers 

found that the mechanism of contact electrification in some polymers was related to the 

acidity and basicity properties of the polymers. Medley studied acidic and basic ion 

exchange resins, and the same results with Knoblauch’s experiments were obtained [21]. 

Diaz, too, proposed the proton transfer mechanism to explain the triboelectric mechanism 

for some polymers [22].  

Harper indicates that electron transfer cannot be the primary mechanism for 

insulators in contact electrification [23]. Some insulators, such as glass, have mobile ions, 

and the triboelectric mechanism can be explained by ion transfer. However, mobile ions 

are not found on every polymer surface, such as polyethylene. For such polymer surfaces, 

it is suggested that ion transfer from the atmosphere to such surfaces may occur. However, 

ion transfer could not be accounted for as the sole mechanism of contact charging, as the 

order of the triboelectric series did not change when the related experiments were carried 

out under different environmental conditions. 

In ion-containing polymers, there are immobile ions and mobile counterions. 

Medley found a relationship between the sign of the immobile ion and the surface charge 

gained after contact electrification [24]. Then, Diaz showed a relationship between the ion 

concentration in the polymer and the amount of charge on these polymers [25]. 
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In polymers without mobile ions, ions adsorbed from the atmosphere play a role in 

forming surface charge [26], [27]. Galembeck and Gouveia used Kelvin Probe Force 

Microscopy (KFM) to show that on hydrophilic surfaces, electrical potential changes with 

humidity [28].  

Whitesides and McCarty proposed a new triboelectric series according to the 

tendency of OH- ion accumulation on the surfaces of the materials. [29]. They used the 

zheta ζ potential that reflects the amount of surface-accumulated ions from the liquid 

interface and is a measure of the surface charge. This potential is negative, possibly due to 

the accumulation of the OH- charge onto the surface of polymers. Still, the order of all 

polymers in the series is not consistent with the charging trend observed in the triboelectric 

series.  

In summary, the effects of ion transfer between the polymers and the depositions 

of ions from the atmosphere on the surfaces on the surface charging and discharging of 

polymers have been demonstrated clearly and undoubtedly by many studies. However, the 

fact that common insulator polymers can still be contact-charged under high vacuum and 

under oil  (without air or water to supply the ions) shows that the triboelectric mechanism 

cannot be explained only by ion transfer [30], [31], [19]. 

 

1.3.3 Material Transfer 

Harper mentioned that material transfer might play a role in the contact electrification 

mechanism. He proposed that the transferred material has a different electrical potential 

and causes charging [32]. Salanek et al. provided the first experimental evidence for the 

mass transfer mechanism in contact electrification by analyzing the surfaces of contacting 

polymer pairs with a non-destructive characterization method, XPS [33]. Lowell showed 

that contact-charge formation is not affected by previous contacts using polymer-polymer 

and polymer-metal surfaces. Therefore, he implied that mass transfer could not be the 

primary mechanism [34] for the contact charging of the polymers. However, it was later 

shown that the prolonged contact and the increase in the material transfer amount could 

lead to drastic effects in the contact-charging of polymers, such as the polarity reversal of 

the charge on the polymer pieces from + to -, or vice versa   [35], showing that this 

mechanism may dominate the other possible mechanisms on the outcome of the charging. 
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1.3.4 Bond Breaking  

Henniker was the first person to reveal that the bonds in polymers can be broken due to 

friction and that the formed radicals play a role in contact electrification. While creating 

his triboelectric series, he stated that the mechanism that creates the material order of the 

series is not related to the material bonds’ dipole moments, dielectric properties, or ultra-

violet-trigerred luminescence. He emphasized that the series order depends on the chemical 

nature of polymers, their molecular structure, and their chemical nature on the surface [36].   

Sakaguchi showed that mechanoradicals are formed during triboelectrification due to the 

chain scission, and there is a relationship between discharge begin and the initiation of the 

radical decay [37]. In later years, Baytekin et al. displayed that contact charges on common 

polymers can be dissipated by doping them with radical scavenger molecules such as 

diphenyl picrylhydrazyl (DPPH) [38].  

 

1.3.5 Combined Mechanism 

The mechanism of contact charging insulators is still an active subject of research and 

discussion. So far, the studies indicate that there is no convincing single mechanism of 

charging and discharging in contact charging of insulators. For example, considering only 

the electron transfer mechanism and the electronic properties of the polymers disregards 

both mechanochemical events and the importance of other material properties (such as 

mechanical properties). However, recent studies convincingly proved that the mechanical 

processes cause covalent bond breaking in the polymer chains and the consequent 

formation of mechanoanions, mechanocations, and mechanoradicals on the polymer 

surfaces [38]. According to the combined mechanism, bond scission is the first step that 

creates charged species on the surface. These species can interact electronically. During 

contact and separation, they can accept or donate their electrons to other species on the 

same surface or those on the contacting surface. Likewise, all the other mechanisms 

involving electron, ion, and material transfer can be related to the bond rupture and 

associated with each other in the combined mechanism hypothesis.  

As a first implication of the combined mechanism hypothesis, Sakaguchi showed 

that electrons could transfer among mechanoanions, mechanocations, and mechanoradicals 

[39] Baytekin et al. imaged the contact charges on polymer surfaces by Kelvin Probe Force 
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Microscopy as positive and negative nanodomains forming a mosaic structure [40]. 

Gallembeck displayed the same type of mosaic of positive and negative charges on polymer 

surfaces at the macroscale [41]. Very recently, Ellis proved the relation between cohesive 

energy densities of the surfaces and their triboelectrification behavior [42]. In these studies, 

it is stated that the polymer bonds are cleaved during contact and separation, resulting in 

charged species (anions and cations) detected as contact charges. Then electron transfer 

can take place between these species, ion transfer or material transfer can occur between 

the surfaces.  

1.4 Charge Dissipation Methods  

Faster charge dissipation of polymers can be achieved by several methods. The 

commercialized conventional methods involve doping the polymers with additives to 

increase the surface conductivity [43], [44]. This increase can be achieved by increasing 

electrical conductivity by adding conducting additives, e.g., metals and metal nanoparticles, 

or increasing the amount of water adsorbed on the polymer surfaces by adding salts  [45]. 

The latter can also be realized by oxidizing the surfaces of the polymers [46]. In the last 

decade, it has also shown an unconventional charge dissipation mechanism involving 

organic radical scavengers (e.g., tocopherol, diphenylpicryl hydrazyl, dopamine, and 

tannic acid) doped into the polymers [47], [48], [49]. With these studies, it was shown that 

it is also possible to render polymers antistatic without altering their conductivity. Later, it 

was also found that this radical scavenging mechanism is the basis of the antistatic behavior 

of wood, an insulator material [50]. In a previous study, Cezan et al. used light to dissipate 

charges on common polymers doped with organic dyes to control charge dissipation 

remotely [51]. This report stated that the higher the dipole moment of the excited dyes, the 

faster the charge dissipation.  

1.5 Common Electrostatic Problems  

Losses and explosions initiated by the contact charging and the electrostatic discharging 

(ESD) of the surfaces are more common than one would expect in the industry. Contact-

charging of granular material and dust can cause rapid fires and dust explosions, which 
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have been reported since the 18th century[10]. The problem related to ESD increased in 

number and type in the 20th century [10]. For example, in the production of synthetic films, 

fibers adhere to machine parts due to static electricity causing the production line to stop 

[52]. It has been documented by The Occupational Safety and Health Administration 

(OSHA) that different kinds of powder materials, milk, soy, apple, tobacco blend, charcoal, 

dextrin, and plastics, can cause flammable dust explosions [53]. In the pharmaceutical 

industry, dust is affected by static electricity and can cause non-homogenous mixtures to 

be produced [54]. Also, static electricity can reduce the efficiency of energy generation. 

Solar cell efficiency could be reduced due to static electricity of dust particles that stick to 

solar panels and block the sunlight [55]. ESD results in the breakdown of semiconductor 

electronic devices, computer boards, and electronic circuits in the electronic industry [56]. 

When dielectric fluids, e.g., gasoline, and hydrocarbons, flow in a pipe, they accumulate 

charges due to friction with the pipe walls. With the highly flammable vapor of the fluid, 

these charges can lead to fires and explosions [57]. To prevent all these problems, the 

mechanism of contact charging needs to be clarified, and protective measures must be 

designed accordingly. Insufficient understanding of the contact charging mechanism and 

the ill-defined, one-way view of this mechanism hampers the endeavors toward solutions. 

Also, specific solutions must be applied to various media and materials. Therefore it is 

necessary to increase the number of ‘antistatic’ resolutions and explore new ways of charge 

dissipation, rather than the simple ‘increase of the conductivity’ approach that is currently 

the most used one. 
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1.6 Thesis overview 

In this thesis, we provide two new ways of dissipation of contact charges on common 

polymers by additives: 1) with organic charge transfer complexes (CTCs) and 2) with 

inorganic nanocrystals (quantum dots). 

Part A examines the basic concept of charge transfer complexes and the contact charging 

and discharging effect of polymers doped with CTCs. Part B explores the basic idea of 

doping inorganic nanocrystals and their triboelectric effect on polymers. 

The first chapter covers the concept of triboelectricity, including different theories of 

charge generation and discharging and the everyday problems of contact electrification in 

industry. 

In Chapter 2, different experimental techniques used to measure the generated contact 

charges and the charge dissipation are introduced. 

Chapter 3 introduces the basic concepts about charge transfer complexes, including their 

formation, crystal structure, and the importance of the charge transfer degree in their 

electronic properties. The CTCs used in this study are described. 

In Chapter 4, we present the use of CTCs in the control of contact charging in PDMS. First, 

the preparation of charge transfer complexes and their characterization are introduced. 

Then, the effect of CTC on charge generation and dissipation in solid polymers and 

polymers in contact with CTC solutions are presented. We report that the decrease in 

HOMO-LUMO energy levels between acceptor and donor increases the affected charge 

dissipation. UV light enhances the dissipation of contact charges by reducing HOMO-

LUMO energy levels of charge transfer complexes.  

Chapter 5 describes the colloidal semiconductor nanocrystals, their preparation methods, 

their applications, and their classification. 

Chapter 6 presents the preparation and characterization of quantum dots used in this thesis. 

The addition of these to the polymers and the effect of adding quantum dots to the charge 

dissipation on polymers are presented. We discuss the possible interplay between contact-

charge decay and the (de)localization holes and electrons in the shell or core. 
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Chapter 2 

2. Materials, Setup, Measurement Devices, and Computational Methods 

This chapter explains the materials used in the experiments and three different setups used 

to monitor the formation and dissipation of the triboelectric charge on these polymers. The 

first setup is a tapping device that records the charge formation as an open circuit potential 

created upon tapping the two surfaces. The second and third setups are for monitoring the 

charge dissipation, one for solid polymers in air, and the other for polymers in contact with 

the solution of the antistatic agent (CTC or QD, in this thesis).  

 

2.1 Materials and Sample Preparation 

Pyrene derivatives, TCNQ, and all solvents were purchased from Sigma Aldrich.   

 

Solid polymers. Polydimethylsiloxane (PDMS) is a typical elastomer polymer used in 

contact-charging studies because of its ease in preparation (using elastomer kits). The flat 

PDMS surface, attained by curing the elastomer mixture (prepolymer) on a flat surface, 

reduces the errors due to the alterations of surface roughness encountered in many other 

polymers. It can be homogeneously doped with organic and inorganic compounds in the 

prepolymer state or solution dipping of the cured pieces. In this study, PDMS pieces are 

prepared and doped with organic compounds and their CTCs (Part A) and inorganic 

nanocrystals (Part B). Additionally, undoped samples were prepared under the same 

conditions as controls. The details of sample preparation are discussed in the Sample 

Preparation sections of Part A and Part B.  

 

Polymer beads for experiments in solutions. Polytetrafluoroethylene (PTFE) beads of 

diameter 1.6 mm were used in the charging and discharging experiments of the polymers 

in contact with the CTC or QD solutions. PTFE was used in previous studies for similar 

experiments and provided a chemically inert, easily contact-charging surface. It is not 

hydrophilic, and the results of the experiments are not prone to subtle changes in relative 

humidity. 
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2.2 Measurement of the Generated Contact Charges  

Tapping setup. A typical measurement method for the contact charges generated on 

polymers involves a tapping device [58]. This device provides the data in the form of an 

electrical potential (in V) rather than directly measuring the charges (in Coulombs). In this 

thesis, the charging behavior of the doped and undoped PDMS samples was monitored 

with a noise-free handmade tapping device (Figure 3.3). The open circuit electrical 

potential was obtained by contacting and separating two materials – one of them is the 

sample, and the other one is a metal. The analyzed sample was attached to the base 

electrode (a metal), and an aluminum stub was connected to the second electrode. While 

one material was stationary, the other moved periodically and ‘tapped’ on the first one. The 

scheme of this contact and separation cycle is shown in Figure 2.1. The cycles were 

controlled by a microcontroller (Arduino Nano) with components (2N3904 NPN transistor, 

1N4007 diode, 1K, and 10K). The tapping frequency of 5 Hz was used to contact-charge 

polymer pieces in a horizontal mode. The charges generated upon contact and separation 

are monitored via an oscilloscope. The high-impedance oscilloscope can process the data 

from the two electrodes independently and has a high resolution for the detection of open-

circuit potentials generated in events of contact and separation. 

 

 

Figure 2.1. The scheme tapping setup. The polymer (PDMS) on the metal is attached on 

one electrode and the Al metal stub is connected to the other electrode. 

 

Faraday cup measurements. Undoped, CTCs or QDs doped PDMS polymers were 

contact charged by touching them to Aluminum foil. Then they were immersed in a 

Faraday cup (without any contact with the walls or bottom of the cup) attached to an 
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electrometer (Keithley 6517B high precision electrometer). In this setup, the contact 

charges on the sample pieces induce charge accumulation on the metal Faraday cup, and 

this charge migration is detected by the attached electrometer (Figure 2.2). The charges 

measured are typically in the range of nano Coulombs (nC) and expressed as the surface 

charge density (the measured charge divided by the contacted surface area (cm2). In this 

thesis, we kept all polymers’ contact surface area constant therefore we simply reported 

the charges measured but not the surface charge density.     

 

Figure 2.2. Contact charge and charge decay measurement setup for solid undoped and 

doped PDMS pieces. The pieces (shown in yellow in the scheme) are manipulated by 

tweezers, contact charged against Al foil, and immersed in a Faraday cup. a) The contact 

charge and charge decay measurements with a homemade Faraday cup attached to an 

electrometer. b) A typical charge decay plot of PDMS sample in dark (solid line) and under 

UV illumination (dashed line). The plots overlap since there is no effect of UV illumination 

on the decay rate of undoped samples. The error bars in the plot display the standard 

deviation calculated from five independent measurements. 

2.3 Charge Decay Measurements 

We monitored and recorded the dissipation of the contact charges on doped and undoped 

polymers with two different methods. In the first, CTCs or QDs doped PDMS polymers 

are contact charged by touching them to Aluminum foil (as shown above), and the contact-

charge decay of the samples was examined as a function of time in the solid system. In the 

second, millimeter-sized solid polymer beads were immersed in a solvent in glass vials and 
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contact-charged by shaking in the vials. A solution of the CTCs or QDs was then added to 

the vial. In both cases, in solid polymers in the air or the polymer beads in solution, the 

discharge was further enhanced by using a UV LED lamp with the emission profile shown 

in Figure 2.3. 

 

Figure 2.3. The emission profile of the UV LED lamp used in the discharge experiments.   

 

2.3.1 Charge Decay Measurements of Solid PDMS 

The experimental design for charge decay is illustrated in Figure 2.2a. All the pieces were 

first brought into contact several times (until maximum charge, ca. 2.0-2.5 nC) with 

Aluminum foil for accumulation of contact charges on the surface as described above) 

Following contact charging, samples were held by tweezers and placed in the homemade 

Faraday cage. The charges on the polymer pieces were measured by Keithley 6517B high 

precision electrometer, and their decay was recorded via Kickstart software for at least 20 

minutes. The acquired charge and the charge decay measurements were repeated in the 

dark and under illumination with a UV lamp (9 pieces, 1W in total, emission wavelength 

maximum, 385-390 nm, as shown in Figure 2.3). A typical discharging plot of undoped 

PDMS is shown in Figure 2.2b. The dashed lines indicate the decay plot of PDMS under 

UV light. Both plots overlap in this figure since UV illumination does not affect the 

discharge rate of the PDMS. 

2.3.2 Charge Decay Measurements of Polymer Beads in a Solvent 

As mentioned above, polytetrafluoroethylene (PTFE) beads of diameter 1.6 mm were used 

in the charging and discharging experiments of the polymers in contact with the CTC or 
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QD solutions. The experiments in a dielectric solvent (hexane) allow us to observe the 

discharging effect of the additives without involving them directly in the polymer matrix 

since the additives are added to the system later. In addition to this, since many individual 

beads are involved in the experiment, higher statistics of the results can be gathered in a 

shorter time. In each experiment, we first introduced 35 beads in a glass vial with 8 mL 

(for CTC solution experiments) or 7 mL (for QD solution experiments) in anhydrous 

hexane. Hexane has a dielectric constant of =1.89 at 20°C, which resembles air and serves 

as a medium for introducing the additive solution. The beads were then mechanically 

contact-charged using a vortexer for 30 seconds (Figure 2.4a). This rotational agitation 

caused the beads to stick onto the inner wall of the glass vial through electrostatic attraction 

(Figure 2.4b). Using this method, contact-charged beads (each bearing −170 ± 55 pC) 

retain their charges for many hours to days if they remain unperturbed. Into the vials of 

contact-charged beads in hexane, CTCs solutions (2.5 µl, 1.0 x 10-2 M, DCM) or QD 

solutions (10 µl, 2 mg/mL, hexane) were added using an HPLC syringe (Figure 2.4c). 

Control or comparative discharging experiments were done under the same conditions (RH 

= 10-40%) by adding the same volume of anhydrous hexane, donor, or acceptor solutions 

of the same concentration with the CTCs, as described for the specific cases below in the 

following sections. 
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Figure 2.4. Schematical representation of the charging and discharging experiments with 

35 polytetrafluoroethylene (PTFE) beads in hexane (7 or 8 mL) containing glass vials. a) 

The beads are mechanically contact-charged using a vortexer for 30 seconds in hexane. b) 

The contact-charged beads stick to the wall of the glass vial electrostatically. c) Into the 

vials containing the contact charged beads in hexane, the solution of CTC or QD is dropped 

by a syringe. d) The beads discharge with the addition of the solutions and drop into the 

bottom of glass vial with time.  

2.4 Instrumental Techniques 

We used X-Ray Diffraction (XRD), UV-visible Spectroscopy, Fluorescence Spectroscopy, 

Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Time-Resolved 

Fluorescence (TRF), Transmission Electron Microscopy (TEM) accordingly for the 

characterization of the materials used in this thesis. Also, we used the two-probe method 

to measure the conductivity of solid samples by an electrometer. 

Crystal structures of samples (CTCs and QDs doped PDMS) were analyzed by X-

Ray Diffraction. The X’Pert PRO, PANalytical model X-ray diffractometer with Cu Kα 

radiation was used, and 40 mA current and 45 kV accelerating voltage were applied. The 

absorption spectra were recorded using a Cary 300 UV–Visible spectrophotometer from 

Agilent. The surface morphology of samples (CTCs and QDs doped PDMS) was imaged 

using Thermo Fisher Scientific Quanta 200F model SEM with an accelerating voltage of 
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15kV. The topography of samples (CTCs doped PDMS) and their surface potential were 

imaged using a Nanosurf AFM microscope and Kelvin Probe Force Microscopy (KPFM). 

The emission spectra were obtained using TRF spectroscopy using 2 nm slit widths. PL 

emission spectra were recorded on TRF spectroscopy using 2 nm slit widths for the 

excitation and emission. Excitation was set to 390 nm. Time-correlated single photon 

counting (TCSPC) was used to record luminescence lifetime decays of QD solutions by 

the same spectrophotometer. A laser diode of 390 nm was used to excite QDs and the 

emission wavelength was set to their specific emission wavelength maxima. The 

instrument response function was collected by using 1-2 droplets of LUDOX solution in 

water to set the α value, which count rates, the percentage of photons coming from the 

sample. 

To understand whether the results in charge formation and dissipation are due to a 

conductivity change upon doping with the additives, the electrical conductivity of the solid 

sample (CTC or QD doped PDMS and undoped PDMS) surfaces was measured using the 

two-probe method. The surface resistivity of the samples was measured using a two-probe 

method, with w = 17 mm wide samples and the distance between electrodes, d = 217 µm. 

The resistance values, R, were collected by Keithley electrometer (6517B), which also 

served as the voltage source using a two-wire resistance measurement setting. 100 V was 

applied for at least three samples in each group, which gave identical R values. From the 

resistance measurement, the values were calculated for surface conductivity, ƙ, according 

to equation ƙ = 1/ρ, ρ= R x (w/d). The mean and the standard deviation of the (thickness 

independent) surface conductivities were obtained. 

2.5 Computational Methods 

The HOMO and the LUMO energy levels for pristine TCNQ acceptor and pyrene donor 

with different substitutions were calculated for the optimized geometries using DFT 

methods with the M06-2X functional [59]  and the 6-311G(d) basis set with tight 

convergence criteria in Gaussian09 [60]. The structures of the individual molecules at the 

anionic and cationic states were also optimized at the same calculation level to calculate 

the adiabatic ionization potentials (IP) and electron affinities (EA) using the neutral, 

anionic, and cationic geometry energies.  
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The geometries of the binary systems formed by the acceptor and each donor 

molecule were optimized, and charge transfer values based on the electrostatic potential 

fitting (ESP) [61] and natural population analysis (NPA) [62] were calculated. The HOMO 

and LUMO of the binary interactions of charge transfer complex systems were mapped 

onto the optimized structures. The same process was applied for the quaternary charge 

transfer complexes; in addition to the HOMO and LUMO, HOMO-1 and LUMO+1 were 

also mapped onto the optimized quaternary structures. Counterpoise corrected interaction 

energies between the donor and the acceptor were calculated for the lowest energy 

structures of the binary and the quaternary complexes. Charge transfer values were also 

calculated by the method proposed by Kistenmacher et al. [63] using the bond lengths of 

the optimized individual acceptor molecule and the optimized acceptor molecule in 

interaction with the donor functionalized with different substituents.  

Frontier orbitals were also calculated at the excited state optimized geometry to elucidate 

the effect of photoexcitation on the electronic structure of these charge transfer cocrystals. 

Natural transition orbitals from S0→S1 levels were determined for both ground state and 

excited state optimized geometries by the TDDFT method by calculation of the first 40 

excited states and their oscillatory frequencies [64]. 
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PART A   

Chapter 3 

3. Introduction to Charge Transfer Complexes 

The first CT complex, quinhydrone, was reported in 1844 [65]. Since the discovery of the 

organic metal TTF-TCNQ in 1973, there has been a great interest in organic CTCs [66]. 

CTCs have non-covalent interactions with definite stoichiometries. Alteration of 

morphology and crystal packing of CTCs yield different physical and chemical properties 

of the materials. Organic CTCs have recently attracted attention in organic optoelectronic 

applications (optoelectronic devices), the pharmaceutical industry, and static electricity 

applications (electrophotography) [67], [68], [69], [70], [71]. This chapter gives general 

information on the preparation, crystal structure, characterization, degree of charge transfer, 

and electronic properties of CTCs. We also present the aim of using CTCs as antistatic 

additives in polymers.  

3.1 Donors and Acceptors 

Organic charge transfer complexes (CTC) have unique features which are different from 

their precursors, π-donors (D) and π-acceptors (A). As the name implies, an electron is 

transferred from the donor (D) to the acceptor (A) in a CTC. During this transfer, it is 

plausible to state that the electron from the donor's highest occupied molecular orbital 

(HOMO) is transferred to the lowest unoccupied molecular orbital (LUMO) of the acceptor. 

Figure 3.1a shows the respective energy levels of the frontier orbitals of a donor and an 

acceptor and the charge transfer. The formed charge transfer complex (D+-A-) has a 

decreased HOMO-LUMO energy gap compared to the donor and acceptor. The complexes 

usually have vivid colors different than those of donors and acceptors, which is evidence 

of the HOMO-LUMO gap decrease, which makes the CTC absorb in the visible region of 

the spectrum. This gap is further decreased upon excitation of the complex (Figure 3.1b) 

[7]. 
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Figure 3.1. Respective energy levels of donor and acceptor frontier orbitals, and the charge 

transfer state. a) ground-state CT interaction. b) excited-state CT interaction facilitated by 

a lower HOMO-LUMO gap. 

 

For CTCs, an acceptor with high electron affinity and a donor with low ionization energy 

make ideal pairs. Tetracyanoquinodimethane, TCNQ, and Tetracyanoethylene, TCNE, 

which have high electron affinities, are strong electron acceptor molecules. In their donor-

acceptor complexes, these molecules form radical anions (TCNQ.- and TCNE.). TCNQ, 

our choice of acceptor in this study, has been one of the most studied acceptor molecules 

since its first synthesis in 1962 [72]. It has a central hexagonal ring, which is aromatized 

when taking an electron, and four low-lying, vacant C≡N π*-orbitals, which can help to 

accommodate and delocalize the incoming electron [73]. Planar molecules enhance the 

charge transfer in CTCs – delocalizing the formed charge -  but it is not a strict condition, 

e.g., in fullerene [74]. The delocalization logic holds for good donors, too: Polyaromatic 

hydrocarbons, such as pyrene, naphthalene, anthracene, tetracene, and pentacene, have 
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high levels of conjugation, making them good electron donors when they make a complex 

with TCNQ [75]. Some examples of common donors and acceptors in organic CTCs are 

shown in Table 3.1. 

 

Table 3.1. Common examples of donor and acceptor molecules used in cocrystals. 

 

3.2 Crystal Structure  

CTCs can form in different stoichiometries, 1:1, 2:1, 3:1, and 3:2. However, the 1:1 

complex ratio is the most common crystal structure [76]. CTCs usually have two different 

crystal structures, mixed and segregated. The two stacking geometries are shown in Figure 

3.2. The stacking formation, mixed-stack (-DADADA) or segregated (-DDD-AAA) 

arrangement, impacts the physicochemical properties of the CTCs. The crystal structure 

and the differences resulting from the different stacking geometries can be analyzed using 

XRD, UV-vis, IR spectroscopy, Raman spectroscopy, and conductivity measurements. 

Mixed-stack crystals generally are insulators with face-to-face interactions; hence 

semiconductor CTCs with the mixed-stack arrangement are rare exceptions. On the other 

hand, CTCs with segregated stacking show metallic properties [77]. The tilt angle between 

the donor and acceptor changes the degree of charge transfer and electrical conductivity. If 

0.5 < q < 0.74, the complex usually exhibits metallic behavior having a segregated structure 

[78]. At the same time, a better overlap of the donor and acceptor frontier orbitals is 

associated with a higher degree of charge transfer [76]. Understanding the formation 

mechanism of these complexes is crucial to designing CTCs and optimizing their functions. 
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 Anthracene-TCNQ, Pyrene-TCNQ, Perylene-TCNQ, and DBTTF-TCNQ CTCs 

have mixed stacking arrangements with 1:1 stoichiometry [77]. TTF-TCNQ, a common 

charge transfer salt, has segregated stacking [78]. TMTSF-TCNQ may have both the 

stacking geometries [77]. 

 

Figure 3.2. Mixed and segregated stacking structures of donors and acceptors in CT 

cocrystals of 1:1 donor/acceptor ratio. 

3.3 The degree of Charge Transfer and the Electronic Properties 

The electronic coupling between the donor and the acceptor generates a degree of charge 

transfer (ρ), which affects the material's conductivity. The difference in the ionization 

potential of the donor (ID) and the acceptor's electron affinity (EA) is related to the degree 

of charge transfer. The degree of charge transfer affects the tilt angle and bond length along 

the stacks of the electron donating-accepting moieties. The degree of charge transfer (ρ) in 

the CTCs complexes, for example, those of TCNQ with different donors, can be predicted 

using the bond length changes in the acceptor. More precisely, the population of the 

electron in LUMO changes the lengths of the TCNQ bonds, which can be followed by the 

changes in their vibration frequencies in Raman or IR spectra [79]. The structure of TCNQ 

is shown in Figure 3.3. 

 

 

Figure 3.3. The structure of TCNQ indicating bond lengths. 
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In our CTC experiments, we chose TCNQ as the acceptor and pyrene and its derivatives as 

the donor for the formation of the CTCs. Kistenmacher method can be used to calculate 

the degree of charge transfer in such CTCs, using the change in the TCNQ bond lengths: 

[63].     

𝜶𝒊 =
𝓵𝟏

𝓵𝟐 + 𝓵𝟑
 

 

𝝆 = − 
𝜶𝑪𝑻 − 𝜶𝟎

𝜶−𝟏 − 𝜶𝟎
 

 

Where 𝓁 is the bond length described in Figure 3.3 and subscript i = 0, −1, CT: denotes 

the neutral molecule, the anion, and the complex, respectively. The stability of the complex 

is attained by the non-covalent interactions of D/A pairs (TCNQ and polycyclic aromatic 

hydrocarbons), such as the π-π interactions leading to CT, hydrogen bonding, and van der 

Waals interactions [80].  It was found that the hydrogen bonds dictate the charge carrier 

polarity of charge transfer complexes with TCNQ, and halogen bonds affect the degree of 

charge transfer and the neutral to ionic transitions.  

3.4 Our aim of using CTCs as Additives for Discharging of Contact-

charges on Polymers     

In 2019, our group published a report on dissipating contact charges on common polymers 

remotely by light [51]. This first example of remote control of contact charges involved 

the inclusion of some organic dye molecules in the polymer matrices. The organic dyes in 

the ground state did not yield to a discharge of the charges on the polymers that they reside 

in, but when they were excited by the proper wavelength of light, the charges quickly 

dissipated. It was then hypothesized that the higher dipole moments and the (minute 

amounts of) charge separation led to this discharging effect of the excited dyes. However, 

in this study, a tendency for higher dipole moments was the hint to discharge. Still, a deeper 

understanding of the discharge mechanism was impossible since the dyes were of different 

chemical structures.  
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In this thesis work, we aim to form a set of CTCs as antistatic additives in polymers. 

The purpose is to extend the understanding of the discharge mechanism of the contact 

charges with the additions and excitations of the organic molecules in polymers. We 

slightly changed the target from single molecules to their CTCs, since CTCs have an 

inherent ‘dipole moment’ because of the CT process upon their formation. In addition, this 

dipole moment can be increased upon excitation, as reported in the literature. Also, for 

most CTCs, it was shown that known computational methods could calculate the degree of 

charge transfer. These facts, together with the opportunity of having a set of CTCs with 

slightly different chemical structures, may help to assess the effect of chemical structural 

changes in the additive CTC on its discharging performance. Finally, a mechanism of 

discharge mediated with CTC (without or with light) can be proposed.   

 

 

Figure 3.4. Mixed stack structure of the CTCs formed by the pyrene derivatives and TCNQ 

 

 The chosen set should be an insulator CTC family that is synthetically easily 

accessible and low cost, with background literature on CT efficiency. Matching these 

criteria, we chose TCNQ as our acceptor, and as donors, we chose pyrene and its 

derivatives 1-aminopyrene, 1-hydroxypyrene, 1-pyrenecarboxaldehyde, 1-nitropyrene. All 

of the CTCs formed are in the mixed stack structure and are insulators. The different 

chemical groups on the pyrene ring provide slight changes in the electronic structures of 

the CTC formed. For example, the literature shows that the HOMO of 1-Aminopyrene has 

a lower energy gap with the LUMO of the TCNQ than that of pyrene. This decrease is due 

to the resonance effect of -NH2 and the existence of hydrogen bonding with TCNQ.  
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For the triboelectric discharging experiments, the CTC donor and acceptors shall 

not have a discharging effect individually to mark the difference that would be affected by 

the CTC. In our previous study, pyrene and its derivatives have shown this inactivity (also 

upon excitation with light). As also displayed below, TCNQ can help discharge the solid 

polymer it is doped in with rates slightly faster than the undoped one. However, this 

discharge is not further enhanced by light. 

For all these reasons, the discharging of polymers with CTCs additives and our 

choices of materials stand as a reasonable next step in the field of electrostatic research.  
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Chapter 4 

4. Control of Contact Charging of Polymers with Charge Transfer 

Complexes 

In this chapter, we describe the preparation of the CTCs, the preparation of the PDMS 

samples, the doping method for CTCs into the PDMS, and the characterization of CTCs 

and the doped polymers. Finally, we display the results of charging/discharging 

experiments with CTC-doped PDMS and CTC discharging of the polymers charged in the 

solution. 

4.1 Experimental  

4.1.1 Formation of the Charge Transfer Complexes in Solution  

Pyrene derivatives and TCNQ were dissolved in dichloromethane in different vials to have 

1.0 x 10-2 M solutions. CTCs solutions were prepared by mixing the two solutions at room 

temperature. Upon mixing, the color of the solution changed due to the formation of the 

charge transfer band (See Figure 4.1 for the change in the color upon formation of the CTC 

complex with pyrene and TCNQ). UV-Vis spectra of the CTCs reveal the spectral changes 

and the emergence of the CT band (Figures 4.2a and b). The formation of the complexes 

can also be followed by XRD patterns of the CTCs (in PDMS). Two examples of such 

diffractograms are given in Figure 4.2c.  

The prepared solutions are used in doping the solid PDMS pieces as described next 

(Section 4.1.2) and in the discharging of the PTFE beads in solution (Section 4.2.2).  
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Figure 4.1. The photos of the dichloromethane solutions of pyrene, TCNQ, and their CTC 

(Complex 1), each solution is 1.0 x 10-2 M. Note the deeper color of the CTC compared to 

the other solutions (because of the existence of the charge transfer band).  

 

Table 4.1. The naming of the different CTCs formed with the given derivatives of pyrene 

as donors and TCNQ as the acceptor.  
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Figure 4.2. a) UV-visible spectra of CTCs, the acceptors and donors in dichloromethane 

(1.0 x 10-2 M). Complex1 (yellow), Complex2 (pink), 1-Aminopyrene (orange), TCNQ 

(green), Pyrene (blue). b) UV-visible spectra of CTCs with donors in dichloromethane (1.0 

x 10-2 M) – 1-pyrenecarboxaldehyde (light orange), Complex3 (dark orange), 1-

nitropyrene (light green), Complex5 (dark green), 1-Hydroxypyrene (light blue), and 

Complex4 (dark blue). The broad bands indicate the charge transfer bands compared to 

donors. c) The X-ray diffractograms of pyrene-TCNQ and 1-Aminopyrene-TCNQ. 

 

4.1.2 Preparation of the Charge Transfer Complexes doped PDMS 

To prepare the PDMS samples, the components of the PDMS kit (Dow chemicals, Sylgard 

184), the base polymer, and the curing agent of PDMS were mixed in a 10:1 ratio [81]. The 

prepolymer mixture was put under vacuum for degassing to remove H2 (g) formed during 

the polymerization reaction and the bubbles forming during the mixing. Then, the 

prepolymer was poured into the polystyrene dishes, and the dishes were left in an oven for 

24 hours at 70°C for complete curing. The formed elastomer PDMS was cut into (0.9 cm 

radius, 1.52 mm thickness) pieces. They were washed with dichloromethane for 24 hours 

in a vial to remove unreacted reagents and the catalyst. Then, the pieces were dried 

overnight. 

Dried PDMS pieces were then immersed in vials with the donor, acceptor, and CTC 

solutions (1.0 x 10-2 M, 30 mL) for 24 h. Undoped pieces were also maintained under the 

same conditions in dichloromethane to be served as control samples. The solvent-swollen 

samples are left to dry slowly one day before the experiments. For one experiment to test 

the effect of the concentration, a sample of PDMS was let in another concentration (1.0 x 
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10-3 M) of Complex 2. Two examples of the UV-vis spectra of the CTC-doped PDMS 

samples are shown in Figure 4.3.  

 

Figure 4.3. a) Solid state UV-visible spectra of pyrene-TCNQ (yellow) and 1-

Aminopyrene-TCNQ (pink). 

4.2 Charging Experiments of CTCs in Solid System 

As described in Figure 2.1 (Section 2.2 Measurement of the Generated Contact Charges), 

a tapping setup establishes contact/separate cycles of PDMS and the Al metal. These cycles 

led to contact charging of both materials, and the formed could be measured and recorded 

as open circuit potential by a high-impedance oscilloscope. The difference in the open 

circuit potentials obtained in such contact/separation cycles between the identically tapped 

Complex2-doped, Complex1-doped PDMS, and undoped PDMS can be visualized in 

Figure 4.9. The Voc obtained by the Complex 2-doped PDMS is one-tenth that of the 

undoped PDMS, displaying the antistatic action of the CTC doping. All CTC-doped PDMS 

samples showed antistatic behavior; the obtained decrease in Voc depends on the type of 

CTC used. 
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Figure 4.4. a) Open circuit (Voc) signals obtained from aluminum electrode (red) that is 

tapped to the undoped PDMS and from the metal electrode (blue) placed behind polymer 

surface (18 mm diameter, 1.0 mm thick). b) Under same conditions and with the same setup 

b) Voc signals from Complex2 doped PDMS surface and aluminum electrode both decrease 

to one-tenth of those obtained by undoped PDMS, and c) Voc signals from Complex 1 

doped PDMS surface and aluminum electrode show that the decrease in the Voc is 

depending on the type of the CTC used. For the tapping setup details see Section 2.2, and 

Figure 2.1.  

4.3 Charge Decay Experiments   

4.3.1 Charge Decay Experiments of CTC-doped PDMS 

Undoped PDMS and PDMS pieces doped with TCNQ, pyrene, 1-aminopyrene, and their 

CTCs were brought into contact with aluminum foil until they reached -2.5 nC by holding 

and tapping them with tweezers on the foil. After the contact charging, they were placed 

into a homemade Faraday cage attached to a high-precision electrometer (Figure 2.2) 

(Section 2.3.1, Charge Decay Measurements in Solid System (PDMS)). The surface 

potential was recorded under dark and UV illumination with respect to time (Figure 4.5). 

As analyzed by fitting first order and second order decay rate equations on the experimental 

decay profiles, on the pyrene, TCNQ, 1-aminopyrene, Complex1, and Complex2 doped 

PDMS samples charges decay according to the first order kinetics in the dark and 30 mins 

of illumination whereas on Complex2 the decay fits the second order in dark and UV 

illumination in five minutes. The calculated decay rates are shown in Table 4.2. 
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Figure 4.5. The discharge of contact-charges on PDMS doped with CTCs, in dark (lines) 

and under UV illumination (dashed lines). On CTC-doped PDMS, contact charges decay 

faster than the undoped ones of the ones doped only with the donor. Illumination makes a 

difference in the charge decay for the polymers doped with CTC. For the preparation details 

of the samples see Section 4.1.2. Error bars denote the standard deviations from at least 

four independent measurements. (RH = 40-55%). 

 

Table 4.2 The charging decay rate of samples are fitted in first order kinetic (30 min). *= 

The discharging curve is fitted in second order kinetic (5 min). 
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Complex 2 was also used in understanding the effect of CTC doping concentration on the 

discharge rate of the charged samples. The charge decay on PDMS, Complex2 (1.0 x10-3), 

and Complex2 (1.0 x10-3) obey first-order kinetics in dark with 0.0123 s-1, 0.0108 s-1, and 

0.0746 s-1, respectively. In the presence of UV, these decay rates became 0.0134 s-1, 0.0157 

s-1, and 0.0493 s-1. We observed that the discharge rate when the concentration of the 

complex increases. 

 

Figure 4.6. The discharging of contact charges on undoped PDMS (black), Complex 2 (1.0 

x 10-3 M, purple), and Complex 2 (1.0 x 10-2 M, pink) with time. For the preparation details 

of the samples see Section 4.1.2. Error bars denote the standard deviations from at least 

four independent measurements. (RH = 15-30%).  

The surface conductivities of CTCs doped and undoped PDMS samples were measured 

and lie in the insulator range (Table 4.3), as expected. The illumination did not affect the 

surface conductivity values, either. These values showed that the charge dissipation was 

not caused by an overall increase in the surface conductivity of the composites. 
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Table 4.3. The surface conductivity of PDMS samples doped with the donor, acceptor, and 

the complexes measured in dark and under UV. For the preparation of the samples and the 

details on the conductivity measurement, see Sections 4.1.2 and 2.3. Error bars denote the 

standard deviations from at least four independent measurements. 

 

 

4.3.2 Charge Decay Experiments with Polymers in contact with CTC 

Solution 

As described in Figure 2.4 (Section 2.3.2 Charge Decay Measurements of Polymer Beads 

in a Solvent), 35 PTFE beads were introduced in glass vials with 8 mL hexane. Then the 

beads were mechanically contact-charged using a vortexer for 30 seconds which is 

demonstrated. After vortexer charging, a 2.5 µl solution of CTCs (Complex1, Complex2, 

donors, or acceptor (1.0 x 10-2 M, dichloromethane) were introduced into the hexane with 

contact-charged beads. No bead discharged when we added only dichloromethane or the 

solutions of only pyrene and its derivatives. However, after additions of the CTCs, the 

beads discharged quickly. A comparison of the discharging of beads in the solutions of a 
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donor and its CTC over time for the first five minutes after the solutions were added is 

shown in Figure 4.7. The numbers of discharging beads five minutes after the addition of 

each of the CTC solutions are shown in Figure 4.8.   

 

 

 

Figure 4.7. A comparison of the discharging of beads over time, in the solutions                             

(1.0 x 10-2 M, dichloromethane) of 1-aminopyrene, and Complex 2                                                          

(1-aminopyrene/TCNQ) introduced into charged beads in hexane (8 mL) in glass vials. In 

the first five minutes the difference is clear: With the CTC solution, the beads discharge 

faster. For a more quantitative look, see Figure 4.8.  
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Figure 4.8: The number of discharging beads in hexane (8 mL) in glass vials, five minutes 

after the addition of TCNQ solution and each of the CTC solutions (1.0 x 10-2 M, 

dichloromethane) with the donor shown. (RH = 40-55 %).  

4.4 Discussion  

4.4.1 The Effect of HOMO-LUMO Gap in the Charge Dissipation in 

Polymers 

As shown in the charging and discharging experiments, the complexes formed by pyrene 

derivatives with TCNQ displayed antistatic activity and faster discharging compared to the 

undoped PDMS. However, some CTCs of some pyrene derivatives were faster in 

discharging than others. We propose that these differences are due to the differences in the 

energy levels in the CTCs formed with different derivatives, giving rise to varying amounts 

of charge transfer within the complex. This difference leads to different propensities of 

discharge ability. To understand these differences and the charge transfer between the 

acceptor and substituted donor derivatives, first, the geometries of the single molecule 

structures (TCNQ, pyrene, and its derivatives) were optimized, and ground state energy 

levels were determined. Various pairwise complex geometries were constructed by varying 

intermolecular distance and orientation and were subjected to geometry optimization to 
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determine the lowest energy structures for the binary complex. According to the results 

obtained, it was concluded that the minimum energy pairwise geometries are formed by 

the π-stacking of the donor and acceptor molecules, as expected (Figure 4.9). This π-

stacked structure model was used to construct initial guesses for quadruple charge transfer 

complex geometries. Next, the HOMO and LUMO energy levels of the optimized pristine 

donor and acceptor structures were calculated (Figure 4.10a). For all binary and quaternary 

complexes, The HOMO and LUMO of the pairwise CTCs structures demonstrated that the 

HOMOs of all the pairwise CTCs are on the donor molecules and the LUMOs are on the 

acceptor molecule (Figures 4.9 and 4.10). HOMO-1 orbitals are on the donor, and 

LUMO+1 orbitals are on the acceptor for the quaternary complex (Figure 4.10b). Two 

donor molecules in quadruple CTCs bear HOMO and HOMO-1 on them, while the two 

acceptor molecules bear LUMO and LUMO+1. Similar trends for frontier orbital energies 

and their distributions were observed using B3LYP-D3 and wB97XD functionals.  

 

 

Figure 4.9. HOMO and LUMO orbitals mapped on the pairwise interactions of donor-

acceptor charge transfer complex for -NH2 substitutions on pyrene donor. 

 

The calculated energy levels (Figure 4.10) show that the CTCs leading to more 

efficient or faster discharging formed from the donors with the higher lying HOMOs and 

hence with the smallest HOMO donor-LUMO acceptor gap.  For example, according to all 

DFT calculations with different functionals, the LUMO of the acceptor TCNQ is the closest 

to the HOMO of the pyrene donor with -NH2 and -OH substitution. These CTCs show the 

best performance for charge dissipation among all CTCs studied (Figure 4.8).  
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Figure 4.10. a) HOMO and LUMO energy levels for the acceptor and the donor with 

different substitutions, b) HOMO and HOMO-1 orbitals, c) LUMO and LUMO+1 orbitals 

mapped on the quadruple interactions of donor-acceptor charge transfer complex for -NH2 

substitutions on pyrene donor.  

4.4.2 The Relation between Degree of Charge Transfer and 

Triboelectrification 

Charge transfer values showing the degree of the charge transfer between the donor and 

acceptor can be compared and expressed in different ways. In the first way, the ionization 

potential of the donor and the electron affinity of the acceptor is handled. The adiabatic 
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ionization potential values for the donor molecules (Table 4.4) were obtained by taking 

the difference between the energy of the optimized positively charged molecule and the 

energy of the optimized neutral molecule. For the acceptor molecule, the adiabatic electron 

affinity (Tables 4.4 and 4.5) was calculated by taking the difference between the energy 

of the optimized negatively charged TCNQ and the energy of the optimized neutral TCNQ. 

For enhanced charge transfer, it was already known that the HOMO energy of the donor 

should be close to the LUMO energy of the acceptor and that the donor should have a lower 

ionization potential [82]. Considering Table 4.5, the best charge transfer values in CTCs 

can be achieved using a donor molecule with a lower ionization potential. We found that 

the smaller the IP of the donor, the more effective the charge transfer as calculated lowest 

for with amine and hydroxy substitutions of pyrene donor. Pyrenes with these substitutions 

also have the least negative EA values. Considering the HOMO energy levels and 

ionization potentials among donor molecules, 1-aminopyrene and 1-hydroxypyrene have 

the best values as donors in CTCs. Furthermore, the change in dipole moment |Δµ| is 

associated with the electronic coupling factor and electron transfer [83]. The electron 

coupling is a focal factor for the degree of charge transfer (ρ) [77]. 
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Table 4.4. The effect of donor substitution on the charge transfer values, IP and EA 

differences and interaction energies between donor and acceptor for pairwise and 

quadruple interactions (CTCs). 
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Table 4.5. Electron affinity and ionization potentials of the donors and the acceptor used 

in this work. EA values calculated at the M062x/6-311g(D) level by taking the energy 

difference of the optimized anion structure and the optimized neutral structure. IP values 

calculated at the M062x/6-311g(d) level by taking the energy difference of the optimized 

cation structure and the optimized neutral structure 

 

 

In the other three methods, pairwise and quadruple stacks of the donor and acceptor are 

considered. The charge transfer values for these stacks were obtained by the ground state 

electrostatic potential (ESP) and natural population analysis (NPA) (Table 4.4), resulting 

in the same trends. The interaction energies for pairwise and quadruple structures are given 

in Table 4.4, which indicates that the interaction energies between donor and acceptor in 

Complex 2 and Complex 4 are greater than in other CTCs. The higher interaction energies 

decrease the intermolecular distances between the acceptor and these two donors in their 

CTCs, too. Finally, in the literature, CTCs can be ranked for their inherent charge transfer 

using the IP(donor) − |EA|(acceptor) offset value. A linear relationship between the 

magnitude of charge transfer and IP − |EA| was demonstrated (Figure 4.11a). We used the 

adiabatic ionization potentials of donor molecules (Table 4.4) and the adiabatic electron 

affinity of the acceptor molecule (Table 4.4) to obtain the IP − |EA| offset, as given in 

Table 4.5. 

In situations where IP − |EA| offset is small, the CTCs are more ionic in character, 

allowing more charge transfer. Zhu et al. [84] showed that charge transfer vs. IP − |EA| 

plot falls onto a straight line for various CTCs containing 2,3,5,6 tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4-TCNQ). Similarly, when the NPA charge transfer for 
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pairwise CTCs and IP − |EA| (Table 4.4) are plotted, a linear relationship is observed, as 

given in Figure 4.11a.  

 

Figure 4.11. a) Correlation of IP−|EA| offset with the charge transfer based on NPA. b) 

Correlation of charge transfer from the bond lengths of acceptor (ρ) with the charge transfer 

based on the NPA. 
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Table 4.6. The bond lengths in the TCNQ acceptor obtained for the optimized geometry 

of neutral, anion and in pairwise interaction with donor at the M06-2X/6-311g(d) level. 

 

Structure 𝓁1  (Å) 𝓁2 (Å) 𝓁3  (Å) 

Acceptor (anion) 1.42877 1.41162 1.4241 

Acceptor (neutral) 1.38492 1.42342 1.44636 

Acceptor- Donor(-NH2) 1.39664 1.42061 1.4363 

Acceptor- Donor(-OH) 1.38792 1.42184 1.44323 

Acceptor- Donor(-H) 1.38509 1.42278 1.44491 

Acceptor- Donor(-COH) 1.38694 1.42245 1.44412 

Acceptor- Donor(-NO2) 1.38616 1.42191 1.4441 

 

The bond length change in the TCNQ molecule can be utilized to predict the amount of 

charge transfer, too. To calculate the amount of charge transfer, ρ, from the bond length 

changes of TCNQ, we use the method proposed by Kistenmacher et al., explained in 

Section 3.3. Table 4.6 shows that the interaction between TCNQ with donor molecules 

causes the lengthening of the double bond 𝓁1 and the shortening of two single bonds, 𝓁2 

and 𝓁3, as the most notable changes. When the charge transfer calculated by the bond length 

changes, CT bond length 𝜌 versus the charge transfer obtained by the NPA charges are 

plotted (see Figure 4.11b), a linear relationship emerges. In this relationship with the 

TCNQ acceptor, the amine-substituted pyrene, which shows the most improved charge 

dissipation performance in the charge decay experiments, surpasses the other pyrene 

derivatives.  

With all the above CT value calculations and the displayed charge transfer trends, 

the relation was that the higher rates of charge decay on polymers were achieved with the 

CTCs with higher degrees of charge transfer. 
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4.4.3 The Effect of Photoexcitation in the Control of Contact Charging 

Finally, we calculated the excited state properties of the binary complexes to elucidate the 

effect of photoexcitation of the CTCs via illumination. In the excited state, intermolecular 

distances decreased between the donor and acceptor molecules. This decrease is more 

pronounced for the hydroxy and amine substitutions (Fig. 4.12 a). Moreover, the most 

probable natural transition orbitals for the ground state to the first singlet excited state 

based on the highest oscillatory frequency and occupation were determined for both ground 

state and excited state geometries. Here, increased electronic transfer and coupling between 

molecules were observed via excitation by the structural change due to photoexcitation, as 

shown for amine substitution (Figure 4.12b-c). The main finding of the excited state 

calculations via illumination is on the HOMO-LUMO gap, for which the values calculated 

for the ground state binary complex geometry decreased dramatically for the hydroxy, 

followed by the amine substitutions in the excited state geometry due to the reduced 

intermolecular distances and electronic rearrangement in the excited state. One can expect 

enhanced dissipation of contact charges on polymers via illumination for the hydroxy and 

amine-substituted pyrene donor CTCs due to these decreased intermolecular distance, 

lowered band gap, and enhanced coupling with acceptor via photoexcitation.  
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Figure 4.12. a) Optimized geometries for the ground state and first singlet excited state 

pairwise interactions for-NH2 substitution, S0→S1 natural transition orbitals at the b) 

ground state optimized geometries and c) excited state optimized geometries, d) HOMO 

and LUMO energy levels for the ground state and excited state optimized geometries of 

binary complexes for different substitutions on the pyrene donor. 

 

4.4.4 Exploring the Surface Potential of the CTC-doped Polymers with 

KPFM  

As shown above, the dissipation of contact charges on a polymer (PDMS) is undoubtedly 

facilitated by the addition of the CTCs into the polymer. This is due to the charge transfer 

interactions in the CTCs, which can further be augmented by photoexcitation or using 
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‘better’ donors by changing the substitution on the pyrene. The discharge of the contact 

charges is linked in this way to the CT in the CTCs. However, what might be the exact 

mechanism that leads to charge dissipation? To get more insight into the mechanism of the 

discharging behavior of CTCs doped PDMS samples, we used KPFM surface potential 

mapping. We analyzed the surface of Complex 2 with this AFM modality, providing direct 

maps of the surface electrical potential values that can be used to track the location of 

charges and their relative magnitude spatially and temporally. The surface potential of the 

Complex 2-PDMS sample showed that PDMS and crystals could have either positive or 

negative potentials before contact with the Al foil (Figure 4.13a). Upon contact charging, 

the surface potential on the Complex 2 crystals increases to more positive values, and 

PDMS gains highly negative charges on it (Figure 4.13c). We first suspected that the fast 

charge decay on the Complex 2-doped PDMS sample was due to the interaction between 

opposite charges on the Complex 2 crystals and the PDMS polymer. To confirm whether 

opposite charging was the reason for fast decay, we decided to perform potential mapping 

on the Complex 1-PDMS surface. Like the uncharged Complex2-PDMS, Complex1-

PDMS had either positive or negative potentials on the crystals and PDMS polymer 

(Figure 4.13b) before contact. After contact charging using Al foil, opposite charges 

developed on the crystals and polymer surface. Complex1 crystals gained highly positive 

charges, and PDMS surface gained highly negative charges (Figure 4.13d). 



46 

 

 

Figure 4.13. Kelvin Probe Force Microscopy surface potential maps of PDMS surfaces 

doped with Complex2 (left) and Complex1 (right) before contact, after contact charging, 

and charging followed by 2 min UV illumination. (The potential data are shown on the 

right for the dashed line crossing through the CTC domain in the corresponding images). 

The maps show, upon contact charging, CTC domain acquires positive and PDMS domains 

acquire negative potential. Upon illumination, the electric potential is reduced rapidly in 

both domains, in comparison to no decay in undoped PDMS in this time interval (not 

shown here). The decay rate is faster for Complex 2 doped PDMS, where the CTC domain 

charge drops to 0 V (from +5.0 V) upon illumination. 

Then we retrieved KPFM surface potential maps of both surfaces after illuminating the 

surfaces with UV light. We observed positive potential on the sample with Complex 2; the 

electrical potential on the CTC crystals decayed rapidly to zero. However, on the crystals 

of Complex 1 in PDMS, such a significant potential decrease was not observed within the 

same time interval. Based on these observations, we can conclude that the co-existence of 

oppositely charged material domains at the nano level might imply that these domains 

neutralize each other. This neutralization is why we detect less charge at the macro level 

with the Faraday cup measurements. However, this is not the case because on the contact 

charged samples:1) at the macro level, samples are charged with a non-zero net charge, 
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and more importantly, 2) both Complex 2-PDMS and Complex 1-PDMS surfaces exhibit 

oppositely charged (positively charged CTC and negatively charged PDMS) at the 

nanoscale. Still, there exists a substantial difference in their charge decay rates upon 

illumination. We envisaged that the fast charge decay of Complex 2-PDMS under UV 

illumination is due to the lowering of the HOMO-LUMO energy levels and the decrease 

in the band gap of Complex 2 in the excited state compared to the ground state. In other 

words, the charges on the Complex 2 dissipated due to fast electron transfer between a 

strong electron donor and a good electron acceptor (TCNQ). Decreasing the bandgap in 

the excited state of Complex 2 and increasing the degree of charge transfer render a fast-

discharging pathway compared to its ground state in decay experiments. According to 

KFM mapping, the charges on Complex 1 were not diminished by UV irradiation as 

observed for Complex2. This result is probably due to the weaker electron donor ability of 

the unsubstituted pyrene (Complex 1) compared to the amino substituted pyrene derivative 

(Complex 2).  

 

4.4.5 The Effect of Morphology of CTCs on their Ability to Act as a 

Charge Dissipator on Contact Charged Polymers  

Since charge carrier mobility is affected significantly by the morphology of the self-

assembled binary systems as demonstrated previously for PEDOT:PSS-based bulk 

heterojunction and thermoelectric materials [85], [86]. The packing motif and CTCs’ 

morphological properties could have a substantial effect on the electrical conductivity and 

charge dissipation mechanism in this study, too. We performed SEM analyses of different 

cocrystals on the PDMS matrix. Complex 2 network can be expected to have a better 

network structure due to the strong hydrogen bonding (and thus a better charge carrier 

transport) compared to Complex 1, where this interaction is missing. In fact, the crystal 

structure of Complex1 indicates separate non-continuous single crystal domains on the 

PDMS surface (SEM, Figure 4.14a), while in Complex 2 nanofibrous continuous network 

forms on the polymer surface (SEM, Figure 4.14b). Therefore, one can expect that the 

above-mentioned enhanced charge dissipation for Complex 2 can also be affected by the 

pathways via interconnectivity of the grains.  
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In addition to the effect of CTC chemical bonding, the possible effect of the doping 

concentration on the morphology is shown in Figure 4.6. The morphology of low 

concentration (1.0 x 10-3 M) of Complex 2 on PDMS in Figure 4.14c lacks micron-sized 

stacks of self-assembly in the system that exist in the samples with higher doping 

concentration (1.0 x 10-2 M). This can explain the decreased contact charging efficiency in 

the low concentration sample compared to the concentrated sample with the higher charge 

dissipation. 

 

 

Figure 4.14. CTC morphology. The SEM images of (a) Complex 1 and (b) Complex 2 

doped PDMS, doped from 1.0 x 10-2 M CT assembly solutions in dichloromethane. 

Interconnectivity through needle-like CTC morphology in (b) may contribute to faster 

charge dissipation mediated by this CTC. c) Complex 2-doped PDMS, doped from 1.0 x 

10-3 M CT assembly solutions in dichloromethane does not display any micron-scale stacks 

of the CTC. 

While Complex 2 fits in the second-order kinetic at high humidity (RH = 40-55%, Figure 

4.4), Complex 2 obeys the first-order kinetic at low humidity (RH = 15-30%, Figure 4.5). 

Such a dissipation mechanism might involve other competing pathways to discharge the 

contact charging, including the formation of hydrogen bonding between the CTCs and 

water vapor on the surface. 
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4.5. Conclusion (Part A)  

We report; 

1) The faster dissipation of contact charges on a polymer (PDMS) doped with CTCs than 

on the undoped PDMS. 

2) The fast dissipation observed in the presence of CTCs can further be facilitated by 

photoexcitation of the samples or using 'better' donors by changing the substitution on the 

pyrene. 

3) The fast dissipation observed in the presence of CTCs is not because of an overall surface 

conductivity increase; the surfaces remain insulators after doping and under illumination. 

4) The morphology, concentration, and humidity can contribute to efficient charge 

dissipation.  

5) As supported by KPFM maps, the charge dissipation is physically mediated through 

the structure's CTCs.   

With all these findings, we propose a novel charge dissipation method using CTCs in 

common polymers as additives. The method uses minute amounts of CTCs that can be 

doped into the polymers, immersing the polymers into the CTC solutions. The new charge 

dissipation method can be chemically tuned, remotely controlled by light, and does not 

change the overall electrical conductivity of the material. 
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PART B   

Chapter 5 

5. Introduction to Colloidal Semiconductor Nanocrystals 

QDs are a class of semiconductor nanomaterials. A QD particle has hundreds to thousands 

of atoms, making the diameter of the particle range from 2 to 20 nanometers [87]. QDs 

exhibit a quantum confinement effect and has wide tunability of their band gaps [88], [89], 

[90]. The generation of electron-hole pairs in these nanocrystals makes them desirable 

materials in optical and electronics applications, including photovoltaic devices [91], 

biosensing [92], and photocatalysis [93], as well as in other energy applications, such as 

triboelectric nanogenerators [94], [95]. In this chapter, we introduce quantum confinement 

and the surface effect. We describe the synthesis of QDs, their classifications, and our aim 

of using QDs in the dissipation of contact charges on polymer surfaces. 

5.1 Quantum Confinement 

In bulk semiconductors, there are continuous energy states of valance and conduction 

bands, and there is a corresponding energy gap between these bands, known as the band 

gap. Energy is required to excite an electron to the conduction band from the valence band. 

When the excitation energy is higher than the band gap, the electron is excited to the 

conduction band, leaving a hole in the valence band. The energy state at which the electron-

hole pair has the minimum energy is called an exciton. The distance between the electron-

hole pair is called the Bohr radius. In an electric field, the charge carriers can become 

mobile and create a current. With the radiative recombination of the electron and hole, the 

energy is emitted as a photon. If the radius of the semiconductor nanocrystal is smaller or 

equal to the Bohr radius, the mobility of the electron and hole are spatially confined through 

the dimension of nanocrystals. The energy difference between the two levels exceeds the 

ΚBT (ΚB is Boltzmann constant, T is temperature), and the mobility of electron and hole is 

restricted to the nanocrystal dimensions. This case describes the confinement of the 

electron and hole pair in the Bohr radius in the nanocrystal, known as quantum confinement. 
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[96]. Therefore, QDs have discrete energy levels and size-dependent absorption and 

emission wavelengths depending on their size and shape (Figure 5.1).       

             

Figure 5.1. The schematic illustration of the energy variation for bulk and nanocrystal 

semiconductors. In the nanocrystals, the absorption wavelength depends on the crystal size 

with an inverse relation. 

5.2 The Surface Effect 

Quantum dots (QDs) have a large surface-to-volume ratio owing to their small size. Surface 

atoms do not have full coordination numbers. The surface has non-radiative channels and 

traps states to trap the radiative carriers. QDs can get easily oxidized if their surfaces are 

not passivated. Thus, colloidal quantum dots are covered with organic molecules (ligands) 

to passivate their surface (Figure 5.2). In some cases, the steric repulsions of the ligand 

molecules at the surface of the quantum dots can cause under-coordination of the surface 

atoms of QDs, leading to poor coverage of the atoms. For that reason, these QDs are 

passivated by growing another, more chemically stable inorganic semiconductor material 

on their surfaces [11 97]. This type of structure is known as core/shell QDs. The shell 

passivation of the QDs inhibits the undesired surface charge recombination processes, e.g., 

electron-hole recombination at the surface defects and Auger recombination processes. The 

passivating shells enhance the stability of the bare inorganic nanocrystals and increase their 

energy harvesting efficiency. In addition, the fluorescent quantum yield and photostability 
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of QDs are improved by the shells. [97], [98], [99]. To successfully synthesize and achieve 

shell passivation, the crystal lattice mismatch must be avoided. The type of shell material 

which can generate defect states due to any lattice strain through the core/shell interface 

should be avoided.  

 

Figure 5.2. The schematic illustration of a colloidal quantum dot with a passivating 

inorganic shell and organic ligands. 

5.3 Synthesis of Semiconductor Nanocrystals 

Synthesis of the core/shell QDs includes two primary step processes: synthesis of the core 

QDs and the subsequent shell growth process. Solvents, precursors, and organic surfactants 

are used to synthesize colloidal QDs. In the first step, nucleation, the precursor is 

chemically converted to the monomers (active atomic and molecular species) by increasing 

the temperature in an inert atmosphere. The growth of monomers into the size-defined 

nanocrystals is controlled by adding surfactant molecules at a given time during the growth 

step. 

Specialized techniques are used to obtain precise size control. The hot injection 

technique was introduced by Murray et al. in 1993 to allow narrow size dispersity and the 

rapid creation of a product from a combination of metal and chalcogen precursors [100]. 

The stable colloidal is formed when the appropriate concentrations of precursor and ligand 

are used. Colloidal particle formation is initiated by supersaturation, which leads to 

homogeneous nucleation. The homogeneity of the nucleation was explained theoretically 

in the 1950s [101]. To obtain size monodispersity, each particle must be at the same 

temperature for growth, which is possible at higher temperatures. Singular nucleation 

events are achieved by a massive surge in supersaturation by rapid injection of the 
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precursor in a hot bath of solvent and ligand. Although the method can deliver the desired 

monodispersity of particle sizes, the hot-injection method could not be applied in all 

material families, such as III-V and Group IV materials.  

An alternative method is the non-injection method. It was introduced by Pradhan 

et al. to synthesize QDs at low temperatures using a single compound precursor (metal 

xanthate) [102]. Different sizes of QDs can be obtained by adjusting the temperature or 

concentration. The single-source inorganic cluster approach is another non-injection 

method that uses the single-source precursor [103].  

Once the core is formed through one of the above methods, the shell can be formed 

on the core. The shell’s thickness is critical to protecting the surface of QDs. The 

passivation may not be fully achieved if the shell is too thin. If the shell is too thick, it may 

create defect states due to a lattice strain. Therefore the shell thickness has to be controlled, 

and this can be done by controlling the number of deposited monolayers.  

‘m’ monolayers of shell thickness for the volume of the shell material is calculated as: 

𝐕𝑺𝒉𝒆𝒍𝒍 =  
𝟒

𝟑
𝜫[(𝒓𝑪 + 𝒎 𝒙 𝒅𝑴𝑳)𝟑 − 𝒓𝑪

𝟑] 

VShell= Volume of the shell material 

rC= the radius of the core QDs  

dML= the shell thickness for one monolayer (ML, nm) 

the amount of shell material, nshell in moles required to deposit ‘m’ mL shell: 

𝐧𝑺𝒉𝒆𝒍𝒍 =  
𝐕𝑺𝒉𝒆𝒍𝒍 𝐱 𝐃𝒄𝒐𝒓𝒆𝐱 𝑵𝑨 𝒙 𝒏𝑸𝑫

𝑴𝑾𝒄𝒐𝒓𝒆
 

DCore= the density of the core material 

NA= the Avogadro’s number 

nQD= the number of moles of the core QDs in solution 

MWcore= molecular weight of the core material  

 

For the growth of the shell, the Successive Ionic Layer Adsorption and Reaction 

(SILAR) method allows the deposition of the precise amount of the material to achieve the 

desired shell thickness, which can be calculated using the above equations. One monolayer 

of the shell can be deposited at a time upon injecting the precursors (cationic and anionic) 



54 

 

into the core solution. Monodisperse and highly luminescent core/shell QDs could be 

synthesized by this method [104].   

5.4 Classification of the Core-Shell Semiconductor Nanocrystals 

The semiconductor nanocrystals can be classified according to the nature of the band gap 

and the electron transfer pathways they possess, which can be tuned with ‘bandgap 

engineering’. Alteration of the band alignments allows the control of the electron transfer 

pathways by changing spatial delocalization in the semiconductors [105]. Typical classes 

of QDs are named type-I and type-II (Figure 5.3). The former has the electron and hole 

localized in the core semiconductor. This localization enhances the fluorescence quantum 

yield by reducing any interaction between the surface states with the exciton. When the 

narrower bandgap is on the shell material, it is called ‘inverted type-I’, which cannot 

provide the same isolation. Type-II QDs have localized holes on the one material with a 

higher-lying valence band, while the electrons are localized on the other material with a 

lower-lying conduction band. The relative alignment of the conductive and valance band 

edges decreases the wave function overlap of carriers, hence decreasing the QY. The quasi 

type-II has delocalized holes or electrons in both semiconductor heterostructures, whereas 

the other carrier (electron or hole) is localized only in the other material. In that case, the 

conduction or valance bands in core and shell materials have the same energy [106]. 

 

 

Figure 5.3. The schematic illustration of the relative positions of conduction and valence 

band energies in different core/shell QD heterostructures. 
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5.5 The aim of using QDs as Additives for Dissipation of Contact Charges 

on Polymers     

In this part of our study, the role of QDs in triboelectric charge mitigation on polymers will 

be displayed. Previously, in a study from our group, a remote dissipation of contact charges 

on common polymers was achieved [51]. In that study, organic dyes were used to dissipate 

charges on the polymers as mediators in the dissipation mechanism. It was shown that the 

photoexcitation of the dyes resulted in an increase in the dyes’ dipole moments, which 

helped to dissipate the charges. The dyes were effective quenchers of contact charges; 

however, owing to the poor photostability, they cannot be used as long-term antistatic 

agents. Therefore, QDs stand as better antistatic dopant alternatives in terms of their high 

photostability. Also, a better understanding of the charge dissipation mechanism can be 

obtained if a series of quantum dots are used with different band gaps and electronic 

transitions: Here, the versatility is quite rich: different atoms, sizes, types (core or 

core/shell), and geometry QDs can be involved in exploring the mechanism. The 

interactions between the polymer matrices and the QDs can be tuned with the different 

capping ligands of different lengths or chemistries. This cornucopia of possibilities is 

impossible to explore in one thesis work. Therefore, we chose to study two possible sets, 

changing the size and the type of the QDs, and monitoring the effect of different types of 

core/shell structures in the dissipation of contact charges. 

In this study, the polymer discharging effect in the two different systems (solvent and 

solid) was investigated for CdSe with varying sizes. Then, the effect of various 

localizations of charge carriers (hole and electron) on polymer discharging was 

investigated using different core/shell QD heterostructures, type-I, and quasi-type-II. The 

interaction of mechanospecies on contact charged polymers with these carriers was 

investigated to enlighten the charge dissipation mechanism. 
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Chapter 6 

6. Control of Contact Charging of Polymers with Quantum Dots 

In this part of our study, the effect of QDs, with different sizes and types of heterostructures 

in polymer contact charging was investigated in the solid and solvent systems. Electron-

hole pairs could quickly be generated in Cd-based QDs prepared from the II-VI group of 

semiconductors [107]. Therefore, first, a common core nanocrystal, CdSe, was studied. 

Then, to obtain core-shell nanocrystal, a common shell material having wide bandgap, 

ZnSe, was decorated as the shell on the previously studied CdSe dots [108], forming 

CdSe/ZnSe core-shell QDs. Below, the synthesis of the core and core/shell QDs, the 

preparation of QD-doped PDMS, the characterization of QDs, and the results of 

charging/discharging experiments in the dark and under UV illumination are described. 

Finally, we present a mechanism to explain our observations on the control of contact 

charging of polymers with the QDs. The proposed mechanism involves electron transfer 

between the mechanospecies (mechanoanions, mechanocations, and mechanoradicals) on 

charged polymers and the QDs. 

6.1 Experimental  

The different sizes of core CdSe (2.5 nm and 3.5 nm), and core/shell QDs - CdSe (2.5 

nm)/ZnSe (3 monolayers (ML)) and CdSe (3.5 nm)/ZnSe (3 monolayers (ML)) with 

different heterostructure (type-I and quasi-type-II) were used and characterized throughout 

this thesis. Then, QDs were doped into the common polymer, PDMS, to investigate the 

charge dissipation effect of the QDs in the solid polymer. In another set of experiments, 

the solutions of QDs were dropped in the vials with contact-charged PTFE beads in hexane, 

probing the charge dissipation effect of the QDs in the solution. 

6.1.1. Preparation and Characterization of the Quantum Dots  

Core CdSe QDs varying sizes (2.5 nm, and 3.5 nm) and core/shell (type-I and quasi 

type-II) were synthesized by Firdevs Aydın at Middle East Technical University, 

Chemistry Department. CdSe core QD of 3.5 nm (λabs,max = 568 nm) was used for 
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CdSe/ZnSe type-I QDs, and CdSe core QD of 2.5 nm (λabs,max = 518 nm) was used for 

CdSe/ZnSe quasi-type-II QDs as the core materials according to a theoretical study [109]. 

A qualitative picture of the relative energies of the conductive and valence bands of 

these core-shell QDs is given in Figure 6.1a. The UV-Vis and the photoluminescence 

spectra of these QDs in hexane are shown in Fig. 6.1b and c. The absorption and 

photoluminescence (PL) wavelength maxima and the quantum yield values of the prepared 

QDs are given in Table 6.1. 

 

Figure 6.1. a) The schematic diagram of CdSe/ZnSe core/shell QDs with different band 

gaps. b) The UV-Vis spectra and c) The PL spectra of QDs in hexane; CdSe 2.5 nm 

(yellow), CdSe 3.5 nm (orange), CdSe/ZnSe Type-I (green), and CdSe/ZnS Quasi-Type-II 

(blue) (λexc= 390 nm). The prepared quantum dots solutions were used fresh and stored in 

a nitrogen filled glove box.  
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Table 6.1. The maximum absorption and emission wavelength of the QD solutions 

QD Size Absorption 

 max 

Emission 

 max 

Quantum 

Yield* 

CdSe 2.5 nm 518 nm 536 nm 3.80 % 

CdSe 3.5 nm 568 nm 579 nm 1.21 % 

CdSe/ZnSe (Quasi Type II) Core 2.5 nm, shell 

3ML 

536 nm 550 nm 27.4 % 

CdSe/ZnSe (Type I) Core 3.5 nm, shell 

3ML 

574 nm 587 nm 58.5 % 

 

* = Measured and calculated by Firdevs Aydin at METU. 

 

The PL decay characteristics of core and core/shell QDs are shown in Figure 6.2a, and 

the lifetime data retrieved from the decay plot of QDs are shown in Table 6.1. For the 

calculation of the lifetime data, the decays were fit with a triple-exponential function. The 

presence of a third component (t3) in the decays of the core CdSe QDs (2.5 nm and 3.5 nm) 

indicates the existence of some deep trap states in these QDs [110]. The third component 

was not observed when these trap states were passivated with the formed shell (core/shell 

nanocrystals). The intensity average PL lifetime was calculated according to below 

equation: 

𝛕𝒂𝒗𝒆 =  
𝑨𝟏𝝉𝟏

𝟐 + 𝑨𝟐𝝉𝟐
𝟐 + 𝑨𝟑𝝉𝟑

𝟐

𝑨𝟏𝝉𝟏 + 𝑨𝟐𝝉𝟐 + 𝑨𝟑𝝉𝟑
 

 

The XRD spectra are shown in Figure 6.2b. For XRD analysis, quantum dots in hexane 

were drop-cast onto a silicon wafer (black). The samples were irradiated by copper Kα with 

1.5418 Å wavelength.  There is a shift to higher angles when the CdSe is passivated by the 

ZnSe shell, indicating the shell growth and the lattice compression of the core [111], [112]. 

The XRD peaks of CdSe 25.55, 42.57 and 49.66 refer to the lattice planes of (110), (220), 

and (311) of zinc blende CdSe (JCPDS No. No. 00-019-0191). The XRD peaks of the CdSe 

core shifted to larger angles after the growth of the ZnSe shells (JCPDS No. 00-037-1463). 

TEM images show the morphology of QDs including their size, shape and assembly. The 



59 

 

QDs solutions were diluted to prepare TEM images. 1-2 drop of QDs were dropped onto 

the copper mesh grids.  The corresponding EDX proves the addition of the ZnSe shell on 

the CdSe core in the core/shell nanoparticles (Figure 6.3). 

 

Figure 6.2. a) Time-resolved Fluoresence Intensity plot of the prepared QDs in hexane at 

room temperature. CdSe 2.5nm (yellow), CdSe 3.5nm (red), CdSe/ZnSe Type-I (green), 

CdSe/ZnSe Quasi-Type-II (blue), and  prompt (black). b) The X-ray diffractogram of CdSe 

2.5 nm (yellow) and 3.5 nm (red), and CdSe/ZnSe Quasi-Type-II (blue), and Type-I (green) 

(zinc blende CdSe (JCPDS No. No. 00-019-0191), ZnSe shells (JCPDS No. 00-037-1463)).    

 

 

 

 

 

 

 

 

 

 

 



60 

 

Table 6.2. Lifetime components of the CdSe QDs (2.5 nm and 3.5 nm) and of the 

corresponding shelled QDs, CdSe/ZnSe (3 ML) (quasi type-II, type-I). 

 

 

 

Figure 6.3. TEM images and the corresponding EDX spectra of a) CdSe 2.5 nm,  

b) CdSe/ZnSe quasi type-II, c) CdSe 3.5 nm d) CdSe/ZnSe (Type-I) 
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6.1.2 Preparation and Characterization of the QD-doped PDMS 

Base polymer and curing agent of PDMS (Sylgard 184) were mixed in a 10:1 ratio. This 

prepolymer mixture was kept for two hours under low pressure. Then, 1 mL solution (5 

mg/mL in hexane) of the QDs was added to the two-hour-aged prepolymer with vigorous 

stirring to obtain homogenous samples. The nanocomposite mixture was transferred to 

polystyrene petri dishes. The petri dishes were kept under vacuum to remove H2 (g) formed 

during the polymerization reaction and the bubbles created during the mixing. Curing was 

completed in 24 hours at 70°C. 1.40 mm thick, round (1.7 cm diameter), and flat samples 

were cut from the cured polymer as samples for the tapping experiments (Figure 6.4). 

 

 

Figure 6.4. QD doped PDMS samples 

 

The UV-Vis spectra of QD-doped PDMS samples are shown in Figure 6.5. When 

the core was passivated by the shell, the red shift was observed for the absorption maxima. 

To investigate the morphology of QD-composites SEM imaging technique was utilized 

(Figure 6.6) with an accelerating voltage of 30 kV. 

 

Figure 6.5. UV-Vis spectra of the QD-doped PDMS samples. 
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Figure 6.6. An example of a SEM micrograph of the QD doped PDMS samples showing 

the flat surface of the sample. 

 

We measured the surface conductivities of our QD-doped PDMS samples which is 

described in Section 2.4 Instrumental Techniques. The values fit in the insulator range, 

1.34 x 10-16 S, 1.85 x 10-16 S, 2.35 x 10-16 S, and 1.43 x 10-16 S for CdSe (3.5 nm), CdSe 

(2.5 nm), Type-I, and Quasi Type-II doped PDMS, respectively. These values did not 

change significantly under UV illumination - 1.28 x 10-16 S, 2.06 x 10-16 S, 2.26 x 10-16 S 

and 1.57 x 10-16 S  for CdSe (3.5 nm), CdSe (2.5 nm), Type-I and Quasi Type-II doped 

PDMS, respectively (Table 6.3). 

 

Table 6.3. The surface conductivity values of the nanocrystal-doped and the undoped 

PDMS samples. For the conductivity measurement, three identical samples were prepared 

and the conductivity values are calculated by averaging of these three samples.  
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6.2   Charge Decay  

6.2.1   Charge Decay Experiments of the QD-doped PDMS  

The decay setup was described in Figure 2.2b and Section 2.3.1 Charge Decay 

Measurements of Solid PDMS. First, the core nanocrystal having different band gap 

energies were used as dopants in PDMS. When the pieces were doped with 3.5 nm-sized 

CdSe nanocrystals (5 mg/6 g polymer), the decay profile did not change significantly in 

dark. Illumination with UV light did not affect the decay, either. In numbers, the decay rate 

of 3.5 nm size CdSe nanocrystals doped PDMS (0.04± 0.01 s-1) was close to that of 

undoped PDMS in dark and UV (0.05± 0.02 s-1 and 0.06± 0.01 s-1 Figure 6.7a). The 2.5 

nm CdSe nanocrystals doped into the PDMS sample showed a slightly faster decay (0.09± 

0.02 s-1) rate than undoped PDMS (0.06± 0.01 s-1), by illumination with UV light (Figure 

6.7a, yellow dashed line).  

On the other hand, a different picture comes into play with the core/shell QDs. The decay 

rate of type-I doped PDMS samples (0.24± 0.02 s-1) increased by four in the dark compared 

to the undoped control samples. More surprisingly, the decay rate dramatically decreases 

in the presence of UV light (0.11 ± 0.11 s-1). Finally, with the quasi-type-II doped PDMS, 

the contact charge decay rate significantly increased (0.23 ± 0.04 s-1) in the dark and 
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increased to 0.30 ± 0.06 s-1 under UV illumination. The different amounts of QDs (1 mg 

and 10 mg) were doped into PDMS, indicating the same trend in dark and UV (Figure 

6.7c-d), yet 10 mg doped PDMS samples were found to be similar to 5 mg doped PDMS 

samples. The decay rates are shown in Table 6.3. 

  

 

 

Figure 6.7. Contact charge decay on PDMS doped with the core CdSe and core/shell 

CdSe/ZnSe QDs in air. a) 3.5 nm (red), 2.5 nm (yellow) size CdSe doped and Undoped 

PDMS (black) in dark (solid line) and under illumination with UV (dashed line). b) Type-

I doped PDMS samples (green), and Quasi Type-II doped PDMS samples (blue) under 

dark and UV illumination. c) The charge decay on different doping amounts of 3.5 nm 

sized core QDs, 1.0 mg (red) and 10 mg (pink)) in dark and UV d) The charge decay on 

different doping amounts of Type I CdSe/ZnSe QDs, 1.0 mg (purple) and 10 mg (green)) 

Error bars correspond to standard deviations determined from three independent 

experiments for each condition. The discharge experiments were obtained in 18-22% RH.  
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Table 6.3. The decay rate of QD doped and undoped samples calculated by a first order fit 

on the first five minutes data in the decay plots in Figure 6.7. 

 

 

6.2.2.   Charge Decay Experiments with Polymers in contact with CTC 

Solution 

Finally, we studied the discharging effect of the QDs in hexane. Since the polymer doping 

experiments provided interesting trends for the core/shell QDs, we performed the solution 

experiments with these QDs, particularly. As described in Section 2.3.2 Charge Decay 

Measurements of Polymer Beads in a Solvent, we first introduced 35 beads in each glass 

vial with 7 mL anhydrous hexane. Then the beads were mechanically contact-charged 

using a vortexer for 30 seconds. This rotational agitation caused the beads to stick onto the 

inner wall of the glass vial by electrostatic attraction. Using this method, contact-charged 

beads retain their charges for many hours. After vortexer charging, 10µl QD solution (0.2 

mg/ml, anhydrous hexane) of different types of nanocrystals is dropped into the hexane. 

Control discharging experiments were done under the same conditions (RH = 15-25%), 

injecting the same amount of anhydrous hexane using the same volume and the same 

number of PTFE beads. PTFE beads were discharged in the first few minutes after adding 



66 

 

CdSe/ZnSe (quasi type-II) QD solutions into the vial (Figure 6.8). In the samples where 

only anhydrous hexane was injected, there was no discharge for days. 

       

 

Figure 6.8. a) The number of discharged beads at the marked times after the QD solutions, 

quasi type-II (QS-T-II), and type-I (T-I), were added into the hexane in dark and with UV 

illumination.  
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Figure 6.9. a) The number of discharged beads (N=35) in the first 5 minutes after the QD 

solution was added into the hexane in the glass vial with 35 contact-charged PTFE beads. 

* indicates the Type-I QDs did not discharged beads in 5 minutes under UV illumination. 

b) The number of discharged beads in 5 minutes vs added microliters of quasi-type-II QDs 

in the vials. All of beads discharged in 5 minutes in UV illumination. 

 

The case with the type-I QD solutions in the dark was similar to those with quasi-type-II: 

the beads started to discharge immediately after the solution addition to the vial. A 

quantitative comparison showing slight differences in the number of beads discharging in 

the first five minutes after the solution injection is given in Figure 6.9. Again, an interesting 

result popped out when the type-I QD solution was injected into the vial under illumination 

– no beads discharged in this case, similar to the control sample, where only the same 

amount of hexane was added.  
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6.3 Discussion 

6.3.1 The Effect of The Core QDs on the Dissipation of Contact Charges 

As shown in Figure 6.7, the core CdSe nanocrystals are ineffective in dissipation of 

charged PDMS's contact charges when doped in PDMS. The reason for this ineffectiveness 

could be the ease of oxidation of CdSe nanocrystals which may have taken place during 

sample preparation and doping into the polymers. The third component (3) indicates the 

presence of deep trap states in CdSe QDs (2.5 nm and 3.5 nm), which was shown in Figure 

6.2a [117] (During the PL measurements, the contact of the QD solutions with air was 

inevitable; therefore, core QD surface may get oxidized). The presence of these charge trap 

states on the QD surface and other crystal defects may lead to Auger recombination and 

oxidation on the nanocrystal surface [113], [114], [115], [116]. Another indication that the 

oxidation might be the reason for nondischarging QDs comes from the increased 

discharging efficiencies of the QDs in solution experiments. In these experiments, 

anhydrous hexane provided a suitable nonpolar medium, and prior degassing helped to 

remove the oxygen. Therefore, oxidation is prevented, and the QDs show some discharging 

behavior.  

The effect of illumination. As shown in the introduction, the electron and hole pairs 

are generated when QDs are exposed to light. Our hypothesis was; that the e-/h+ pair 

generated should interact with the mechanospecies (charge bearing mechanoanions and 

mechanocations) developed on the polymer surface to provide pathways to the charge 

dissipation. However, this was not the case for the core QDs doped into the PDMS, 

presumably because of the surface oxidation discussed above. 

In the solvent, however, where oxidation is prevented, these charge carriers (e- and 

h+) interact with the mechanospecies after their formation to mediate the dissipation of 

charges on them. The e-/h+ pair generation takes place to some extent; even no additional 

UV illumination is provided (under ambient light) due to the broad absorption 

characteristics of QDs. Therefore, the fast dissipation mediated by the e-/h+ pair may occur 

even under ambient light conditions. When the vials of charged polymer beads in hexane, 

injected with 2.5 nm and 3.5 nm CdSe solutions, were exposed to UV light, the excited 
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state population of the charge carriers takes place, and an enhanced discharging effect is 

observed because of the increased number of electron-hole pairs in the excited state.  

6.3.2 The Core/Shell Effect on the Dissipation of Contact Charges 

Shell growth is known to reduce the number of trap states such as dangling bonds on the 

surface of QDs and Auger recombination, causing an increase in the fluorescence quantum 

yield (QY), and the electron/hole transfer rates in the system [113], [114], [115], [116]. 

With our QDs, when the cores are passivated, the third component of the lifetime has not 

been observed in the PL of the core/shell nanocrystals. Therefore, the surfaces can be said 

to be passivated by the inorganic ZnSe shell. Also, QY of core/shell increases dramatically 

compared to only core QDs. Compared to the case where we used the core CdSe 

nanocrystals for doping, the discharging effect boosts when surface-passivated core/shell 

QDs are dispersed in the polymer matrix. Here, as expected, the formed e-/h+ pair can take 

place in the charge dissipation, interacting with mechanospecies.  

The effect of illumination. After we determined the QY values for the core/shell 

QDs, we hypothesized that the QDs with higher QY should yield a better dissipation of 

contact charges. We suspected this behavior since QY measures how well an e-/h+   pair is 

sustained in a QD. So Type-I (QY=58.49%) should dominate the quasi-type-II 

(QY=27.43%). We observed that when the quasi-type-II QD doped polymer sample was 

illuminated by UV light, the decay rate increased compared to the no UV condition. 

However, surprisingly, Type-1 showed a decrease in the decay rate with UV illumination. 

This led to us thinking about a 'charge carrier localization effect', as described below. 

 

6.3.3 The Charge Carrier Localization Effect on the Dissipation of 

Contact Charges  

Directed by the results of the discharging experiments, the dissipation of contact charges 

on polymers mediated by core/shell nanocrystals in solid and solvent systems can be 

surmised with a mechanism shown in Figure 6.10.  

First, when a QD-doped PDMS polymer is contact-charged with Aluminum, 

nonequilibrium electron-hole pairs are created because of friction energy on the surface of 

QDs [118], [119], [120], [121] (1). We propose that the nonequilibrium carriers are created 
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on the ZnSe surface, and they interact with the mechanospecies (2). Mechanoanions donate 

their electrons to the holes on the ZnSe surface. After that, they become mechanoradicals, 

and further electron transfer from mechanoanions generates mechanocations. Therefore, 

the overall effect is the decrease in the magnitude of negative triboelectric charges. On the 

other hand, there is a possibility of electron transfer from the ZnSe shell to the 

mechanocations, which converts them to mechanoradicals, and mechanoanions are formed 

by further electron transfer. Type-I and quasi-type-II core/shell QDs having the same shell 

materials (ZnSe) and the same thickness (3 ML) showed a similar decay rate in dark 

conditions (Figure 6.7). Therefore, these results indicate that the electron and hole transfer 

mechanism controls overall charge dissipation. 

When a type-I doped PDMS sample is exposed to light after tribocharging (1), an 

initial electron-hole pair is created on CdSe (3) and ZnSe shells. Electrons and holes 

generated on the ZnSe shell transfer to the core (4). The electron-hole pair caused by light 

might recombine in the CdSe core (5) and possibly with the electron/hole on the ZnSe shell. 

These recombination processes decrease the population of electrons and holes on the ZnSe 

shell and crystal surface. Therefore, positive charge carriers on the crystal surface 

disappear quickly. Hence, the decay rate slows for type-I doped polymer samples under 

UV illumination due to the more prolonged survival of negative triboelectric charges on 

the PDMS surface. For quasi-type-II, the holes delocalize on the core or the shell. When 

exposed to UV, the holes transferred to the nanocrystal surface (4) interact with 

mechanoanions causing fast charge dissipation. The discharging effect depends on the 

population of holes on the surface. PDMS has overall negative charges, and its dissipation 

depends on the interaction between mechanoanions and positive charge carriers (h+). 
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Figure 6.10. The proposed mechanism of the interaction of the different heterostructures 

of core/shell QD effect with the mechanospecies.  

 

Unlike in the polymer system, the QDs were added into the hexane where PTFE beads 

were already tribocharged, and there are only mechanoanions/mechanoradicals on the 

PTFE surface. Therefore, there are no ‘nonequilibrium carriers’ generated on the QD 

surface due to friction energy. Static charge is dissipated by the interaction with PTFE-  and 

the electron-hole pair with QDs. Type-I has localized electrons and holes in the core. The 

shell blocks the interaction of the pair with the species in the environment (mechanoanions) 

in Type-I [122], [123]. Thus, the interaction of positive charge carriers on the surface with 

mechanoanions is reduced in ambient conditions compared to its bare core. When the 

solution with charged beads is exposed to UV light, recombination processes are active, 

and discharging effect is dramatically reduced. On the other hand, quasi-type-II having 

delocalized holes on the crystal surface enables discharging of the beads rapidly. This 

effect is enhanced under the illumination of UV light because the population of electron 

and hole pair is increased. 
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6.4. Conclusion (Part B)  

We report; 

1) The dissipation of contact charges on a polymer (PDMS) doped with QDs is dependent 

on the type of QD (core or core/shell).  

2) The dissipation observed in the presence of QDs can further be facilitated or decreased 

by photoexcitation of the samples; the result depends on the QD type. 

3) The type and illumination-dependent QDs suggest that the electron-hole pair is 

interacting with the mechanospecies on the polymers. 

 

With all these findings, we propose a novel charge control method using QDs in common 

polymers as additives. The method uses minute amounts of QDs that can be doped into the 

polymers, mixing the polymers in the QD solutions. The results promise that the new 

method can be tuned with all attributes of QD chemistry (chemistry, type, size, shape, etc. 

of QDs), and can be remotely controlled by light.  
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