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Abstract 

Nanomaterials based upon Group 14 elements (i.e., silicon and germanium) are 

drawing a great deal of attention from researchers since they are biocompatible and 

exhibit unique optical and electronic properties. Surface functionalization, which is one 

of the most critical aspects of nanomaterial design, can modify nanomaterials’ 

electronic, optical, and physical property, possibly laying a path to designer materials. 

In this thesis, we are dedicated to investigating on the surface chemistry regarding three 

materials: synthesized Si nanocrystals (NCs), polygermane (PGs) and Ge nanosheets 

(GeNSs) and try to change some of their properties (i.e., solubility or resistance to 

oxidation).  

In Chapter 2, we designed dissipative self-assembly of functionalized SiNCs 

driven by the kinetics of a dissipative reaction chemical cycle, which was developed 

based upon the work of Grotsch et al. This study examines how aspartic acid and 

derivatives of succinic acid can independently functionalize SiNCs and produce two 

different types of precursors for the dissipative reaction cycle. A series of experiments 

successfully prepared the functionalized SiNCs and discovered the combined effects of 

the acids and SiNCs. Through analyzing the combined effects, dicarboxylic acids such 

as aspartic and succinic acid showcase assembly properties while SiNCs demonstrate 

the property of luminescence. It is worth noting that the functionalized SiNCs can retain 

its characteristic photoluminescence for months. On the condition of adding EDC to 

functionalized SiNCs, the aspartic acid terminated SiNCs failed to show dissipative 
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self-assembly, whereas the succinic acid terminated SiNCs reacted partially as 

expected. 

In Chapter 3, we carried out the thiolation on the hydride-terminated PGs and 

GeNSs to produce Ge–S bonding by simply heating the reaction with thiols and 

disulfides. After the completion of the reaction, the Ge–H bonds were consumed, and 

C–H and C–S vibration modes were observed in FTIR spectra. In the end, a series of 

characterizations were carried out to confirm the thiol-termination. 
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Chapter 1: Nanomaterials 
 

Introduction to Nanomaterials 
 

At an annual meeting of the American Physical Society in 1959, a lecture entitled 

‘There’s Plenty of Room at the Bottom’ was presented by Richard Feynman. In this 

presentation, Feynman described the possibility of manipulating and controlling 

individual atoms and molecules as a powerful aspect of synthetic chemistry.1 Fast 

forward to 2021, many of these futuristic ideas proposed in the late 1950s are becoming 

a reality. It is fair to say Feynman’s ideas lay the foundation for the field of nanoscience 

and nanotechnology.2 

The ‘nano’ prefix is derived from the Greek word for ‘dwarf’; now it refers to 

an order of magnitude (i.e., billionth of a meter, or 10-9 m).3 The modern definition for 

nanotechnology is “science, engineering, and technology conducted at the nanoscale, 

about 1 to 100 nanometers;”4 Such size regime is highlighted in Figure 1-1. To 

understand nanoscale materials further, it is useful to compare these nanoscale 

materials with the diameter of a single carbon (C) atom (which is about 0.16 mm) and 

other common materials (Figure 1-1). As a result of their small sizes, the surface-to-

volume ratios of nanoscale materials are very high. Hence, surface effects play 

important roles in defining their material properties.  
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Figure 1-1. A pictorial representation of the relative size of germanane (Ge), polygermane, silicon (Si) 

nanocrystals, and other objects. Some images were obtained from literature sources.5,6 

 

Often, nanomaterials are categorized based on the number of dimensions in 

which they are confined (Figure 1-2).7 First and foremost, nanomaterials with all three 

external dimensions (i.e., length  width  height) in the range of 1 to 100 nm are 

considered to be zero-dimensional (0D). Examples include quantum dots, metal 

nanoparticles, and fullerene (C60) (Figure 1-2 d). One-dimensional (1D) nanomaterials 

are materials with two external dimensions in the nanoscale regime (Figure 1-2 c); such 

as nanotubes, nanorods, and quantum wires. Different from 1D nanomaterials, 2D 

nanomaterials only have one external dimension in the nanoscale regime (Figure 1-2 

b); examples include nano-thin films, nano-sheets, quantum wells, and nano-plates.  

 

 
 

Figure 1-2. A pictorial representation of (a) 3D nanomaterials, such as bulk semiconductors, (b) 2D 

materials, such as quantum wells, (c) 1D materials, such as quantum wires, and (d) 0D materials, such 

as quantum dots. The blue arrows represent the dimensions, where electron motion is confined. 
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Due to the quantized dimensions (nano-scale size), nanomaterials are different 

from traditional bulk systems in terms of their mechanical (i.e., superplasticity, 

exceptional hardness, and toughness), chemical (i.e., high catalytic activity, poor 

stability), optical (i.e., fluorescence), and magnetic properties (i.e., 

superparamagnetism).8 Similar to other nanomaterials, semiconductor nanomaterials 

(e.g., nanoparticles/quantum dots of cadmium selenide (CdSe), indium phosphide (InP), 

Si, Ge) are very promising for a variety of applications due to their size-dependent 

tunable optical properties (i.e., photoluminescence, photostability), electronic 

properties (i.e., band gap), as well as surface functionalities.9 Semiconductor 

nanomaterials usually contain inorganic cores or backbones. Each of them is coated 

with a layer of organic ligand molecules. This hybrid inorganic-organic nature adds to 

their versatility and allows the combining of optoelectronic properties of the core and 

backbone with straightforward surface manipulation.10 

1.1 Quantum Dots and Quantum Confinement Effects 
Quantum dots (QDs) are semiconductor nanoparticles usually in the size range of 2–10 

nm, which were discovered by Brus and Ekimov and many other researchers in the 

early 1980-1990s.11–17 QDs are particularly attractive among all semiconductor 

nanomaterials because they have discrete energy levels, which make their properties 

extremely unique.10,18,19  

When a quantum dot is impinged by a photon that has an energy equal to or 

greater than the energy difference between the valence band (VB) and conduction band 

(CB) (i.e., band gap (Eg)) of the QD, an electron is promoted from the VB to the CB 

leaving a hole in the VB. This process leads to the formation of an exciton (i.e., an 

electron-hole pair bound by Coulomb interaction). The property of the exciton is 

dictated by its Bohr radius, and its wave function is determined by the spatial 

confinement. As a result, when the dimensions of the semiconductor nanoparticles are 

approximately those of the exciton Bohr radius in the bulk material, energy separation 

occurs between each state in the density of state (DOS), increasing the band gap. This 

causes a blue shift in the material photoluminescent maximum. This phenomenon is 

called quantum confinement (Figure 1-3),20 which is described by Equation 1-1:21 
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                                     (1-1)

 
 

where Eg,QD and Eg,b are the band gaps of the QDs and bulk semiconductor material, 

respectively, R is the radius of the QD, me and mh are the effective masses of the 

electron in the CB and the hole in the VB, respectively, h is Plank’s constant, e is the 

elementary charge of an electron, and  is the dielectric constant of the bulk 

semiconductor material. Based on Equation 1-1, the size of QDs determines their DOS 

and band gap. The QDs of CdSe is an ideal example; Figure 1-3 shows their size-

dependent photoluminescence emission colors.10,22 

 

 

 

Figure 1-3. (a) Scheme of quantum confinement effect: the band gap (Eg) of the QDs decreases with the 

increasing size, and vice versa. The discrete energy level becomes closer at the band-edges. (b) Photo of 

CdSe QDs in the size range from 6 nm to 2 nm (photoluminescence from red to blue), taken under 

excitation with UV. [Reprinted and adapted with permission from The Royal Society of Chemistry.]10 
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1.2 Composition Effects: Core-shell Nanostructures 
As mentioned previously, QDs have been studied since the 1980s. Initially, researchers 

only focused on homogeneous colloidal semiconductor QDs. Later, they found that 

heterogeneous composite QDs have better efficiency. In the early 1990s, researchers 

prepared QDs consisting of concentric multilayers (i.e., core and shell) to 

improve/design material properties.23,24 

It is possible to engineer these core/shell structures by defining the materials.  

They often are classified into three types, based upon the band alignment of the 

different layers (Figure 1-4). In Type I, the VB and CB of the core are located in the 

band gap of the shell, thus, both electrons and holes are confined within the particle 

core.25,26 The emission energy of this type of QDs is determined only by the core instead 

of the shell. In the Inverse Type I system, the band gap of the shell is narrower than 

that of the core, which allows the electron and hole to be delocalized into the shell.27As 

a result, photoemission is tuned by defining the thickness. In Type II QDs, the energy 

of the CB and VB of the shell is lower than that of the CB and VB of the core.28 The 

overlap between the VB and CB of the core/shell materials allows the spatial separation 

of electron and hole into the core and shell.18  

 

 
 

Figure 1-4. An illustration of band edge alignment in Type I, Type I inverse, and Type II of core/shell 

QDs.29 
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1.3 Synthesis of Si Quantum Dots 
Although the fundamental principles that dictate the properties of QDs are well 

developed, many of the corresponding materials rely on rare elements (e.g., In, Se) or 

toxic heavy metals (e.g., Pb, Hg). These aspects alone can limit the scope of QDs in 

many applications, such as bio-imaging or drug delivery.30,31 In this regard, a more 

abundant and non-toxic semiconductor element emerges. Silicon (Si) is the second 

most abundant element, making up about 28% of the Earth’s crust by mass, and not 

toxic. Si QDs display photoluminescence (PL) in the visible region, which can be used 

for the next-generation light source.32–36 Thus, it is important to find a scalable, 

controllable, and cost-effective method to prepare Si QDs. To control the PL 

wavelength, researchers have developed many synthetic methods, including 

electrochemical etching,37–41 reduction reaction,42–45 nonthermal plasma,46–48 synthetic 

laser ablation,49 and thermal pyrolysis.50–59 Among all methods, thermal pyrolysis, or 

the thermally-inducing disproportionation of hydrogen silsesquioxane (HSQ) are the 

most frequently used methods for preparing high-quality Si QDs. Veinot et al. 

successfully synthesized size-tunable Si QDs with controlled PL wavelength by 

changing the thermal processing conditions (i.e., temperature and dwelling time) under 

an atmosphere of 5% H2 and 95% Ar (Figure 1-5).50 The silicon nanocrystals, which 

are quantum dots, are liberated via HF etching. 

 

 
 

Figure 1-5. Preparation of hydride-terminated Si QDs via reductive thermal processing of hydrogen 

silsesquioxane (HSQ) as a precursor.  

 

1.4 Synthesis of 2D Ge Nanomaterials 
As for two-dimensional nanomaterials, graphene is one of the most widely recognized 

2D nanomaterials. It can be described as a one-atom-thick sheet, in which carbon atoms 

are arranged in a familiar hexagonal configuration (sp2 hybridization). Graphene was 
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discovered by Geim and Novoselov in 2004.60–62 After graphite is exfoliated to form 

nanosheets, all the atoms within the sheets are exposed to the surroundings, which 

provide unique properties/characteristics that include high thermal and electrical 

conductivity,63 the quantum Hall effect,60 and ballistic carrier transport.64 Given the 

vast promise offered by graphene,65–68 it is essential to explore other Group 14 elements 

and their corresponding 2D nanomaterials. Many theoretical and experimental studies 

of 2D nanomaterials comprised of the heavy Group 14 elements have been reported, 

such as silicene, germanene, and stanene.69  

Preparation of 2D nanomaterials based upon the heavy Group 14 elements can 

be achieved by “bottom-up” or “top-down” techniques.69 Bottom-up approaches 

typically employ ultrahigh vacuum (UHV) deposition and use molecular beam epitaxy 

(MBE) to deposit layers on the well-organized metallic substrates.19 These procedures 

can provide silicon (i.e., silicene), germanium (i.e., germanene), and tin (i.e., stanene) 

analogs of graphene. The preparation and properties have been reviewed elsewhere, 

and the readers are directed to the selected reviews for a more comprehensive 

description.69 Silicene has been prepared on a variety of substrates, including Ag (111) 

(Figures 1-6 a, c ),70 ZrB2 (0001),71 and Ir (111) surfaces.72 
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Figure 1-6. Scanning tunneling microscopy (STM) scan of (a) silicene on Ag (111)70 and (c) a 

corresponding model structure73 and (b) germanene on Au (111) substrate and (d) a corresponding model 

structure.74 [(a, c) Reprinted and adapted with permission from Copyright 2012 IOP Publishing Ltd. (b, 

d) Reprinted and adapted with permission from Copyright 2014 IOP Publishing Ltd.] 

 

Different from graphene, silicene is in a flat Si single layer (mixed sp2/sp3-

hybridization) with a hexagonal arrangement, having great potential for application in 

devices75 because of its high thermal conductivity, large anisotropic elastic deformation 

under strain, and high carrier mobility.75 Furthermore, silicene has a high surface 

chemical activity, which facilitates tunable electronic states (from indirect 2.9 eV to a 

direct band gap of 2.1–2.5 eV)76,77 via functionalization, including hydrogenation, 

halogenation, oxidation, and metal atom adsorption (Figure 1-7).78–82 
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Figure 1-7. Calculated band structures of the functionalized silicene: (a) hydrogen, (b) mixed hydrogen 

and hydroxyl (OH), (c) methyl CH3, and (d) acetylene C = CH functionalized silicene.83 [Reprinted and 

adapted with permission from Copyright 2013 American Chemical Society.] 

 

From the work related to silicene, several research groups described the 

preparation of germanene on Au(111)74 and Pt(111) substrates (Figure 1-6 b, d).84 

Recently, researchers studied the top germanene layer, which possesses a honeycomb 

structure similar to that of silicone. Germanene also is a promising candidate for many 

optoelectronic applications because it has a high spin-orbital gap (23.9 meV) and a high 

charge carrier mobility.85 Functionalization of germanene cannot only impart stability 

and photoreactivity but also can tailor material band structure or electronic 

properties.86–88  

Stanene also has been prepared on Bi3Te3(111) substrates, whose structures are 

almost the same as germanene.89 It also has some remarkable features, such as a large 

spin-orbital gap, magnetoresistance, thermoelectricity, topological superconductivity, 

and the quantum spin Hall behavior.90 Thus, stanene can be used as a topological 

insulator.  

Another approach to obtaining 2D materials of the heavy Group 14 elements is 

the deintercalation of Zintl phases that contain layers of the target element within their 

bulk structure. Deintercalation of intermetallic precursors provides an intriguing 

strategy for synthesizing Group 14 nanosystems.19 Zintl phases were named after the 
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German chemist Eduard Zintl, who investigated them in the 1930s.91–94 A Zintl phase 

is regarded as a chemical compound composed of an electropositive alkali or alkaline-

earth metal cation “A” and electronegative group elements “M” (i.e., p-block metals of 

Groups 13, 14, and 15). Their structures include formal electron transfer from A to M 

and the anionic substructure of M atoms satisfying the octet rule.91,94–96 These ideas 

were developed further to become the Zintl rule or Zintl-Klemm concept, which can be 

used as a guideline for making new compounds and materials. The Zintl-Klemm 

concept was extended by Klemm and Laves and has been developed into a versatile 

and general concept.94,95 

As in the case for CaM2 (M = Si or Ge), the bonded layers of Group 14 elements 

are anionic, and they are separated and charge-balanced by metal cations (e.g., Ca or 

Eu).69 Materials prepared in this way contain the Group 14 elemental atoms arranged 

in hexagonal arrays in 2D layers of 6-membered rings (i.e., “chair” confirmations). The 

remaining bonding site on the Group 14 element is filled with a heteroatom (Figure 1-

8).19  

 

 
 

Figure 1-8. Schematic deintercalation of metal silicides or germanides using HCl or with RX (i.e., 

methyl iodide) to provide different functionalized silicene and germanene. 

 

These layers are liberated from the corresponding Zintl phase upon exposure to 

a strong acid (i.e., HCl, HBr, etc.), which selectively removes metal atoms, preserves 

the stacked layers, and balances the charge with protons, leading to Si–H and Ge–H 
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that exhibit hydridic character.97 These 2D materials are referred to as silicane (i.e., 

(Si6H6)n) and germanane (i.e., (Ge6H6)n).  

Deintercalation and exfoliation of Zintl phases were investigated first in the 

1860s by Wohler et al. 98 and in the 1920s by Kautsky et al.99 These studies used 

exfoliated CaSi2 to prepare a stable siloxane sheet polymer in ice-cold aqueous HCl, 

and the products were termed “polysiloxane sheets”. The structures and properties of 

these materials were investigated subsequently by Weiss et al.100 and Dahn et al. 

(Figure 1-9).101 Weiss et al. reported that the structure of the polymer sheet was a 

puckered 2D layer, which was stabilized through the heteroatoms (i.e., hydrogen or 

hydroxide) group termination pointing out of the sheet plane.100 The findings were 

confirmed by Dahn et al.101 Different from the previous study, HCl was used in 

methanol or ethanol instead of water to prepare the alkoxide-terminated siloxenes 

(Si6H3(OCH3)3 or Si6H3(OC2H5)3). Dahn et al. also performed the reaction at a lower 

temperature (i.e., below -30 °C) to obtain non-oxidized silicon sheets, (Si6H6)n, that 

were structurally similar to Si6H3(RO)3. However, Yamanaka et al. found that this 

reaction also formed Si6H3OH3 as a by-product. 102 

 

 

 

Figure 1-9. (a) Structures of CaSi2, where the dark gray spheres represent Ca and the light gray spheres 

represent Si. (b) Silicon sheet crystalline structures. (c) Weiss siloxene.103 [Reprinted and adapted with 

permission from Copyright 2014 Journal of Physics: Conference Series] 

 

Deintercalation of CaSi2 provides partially OH-terminated SiHx(OH)1-x, 

presumably because the Si–O bond (800 kJ/mol) is stronger than the Si–H bond 
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(300 kJ/mol).104 Surface functionalization can be achieved by hydrosilylation, the 

addition of an unsaturated bond into the silicon-hydride (Si–H) group. Nakano et al. 

functionalized SiH with hexene via Pt-catalyzed hydrosilylation to prepare a stable 

suspension in an organic solvent.105 The formation of the Si–C bond on the Si6H6 

surface also can be achieved by using Grignard reagents. Sugiyama et al. reported the 

synthesis of phenyl-terminated organosilicon sheets using phenyl magnesium bromide 

[PhMgBr].106 Si6H6 also can be functionalized upon reaction with other nucleophiles 

like amines (Figure 1-10).107 More details can be found in Section 1.8.3. 

 

 
 

Figure 1-10. Functionalized Si6H6 with decylamine.107 

 

Unlike the case for silicane, when working with germanane, issues arising from 

oxide formation are addressed partly by the more comparable Ge–O (660 kJ/mol) and 

Ge–H (320 kJ/mol) bond strengths104 and the more dissolvable native germanium 

oxides in aqueous HCl. Such solubility provides a “built-in” purification.108 Vogg et al. 

used reactive deposition epitaxy to grow Ca(Si1-xGex)2 alloys on the Si (111)/(110) 

substrate and successfully grew high-quality pure CaGe2 on the Ge (111) substrate.109–

113 The alloys were deintercalated by HCl, producing layered polygermanosilynes or 

polygermanes. They also determined the relationship between Ge content x and 

oxidation ability (or distribution of –OH). If x < 0.5, the –OH remained constant.; if x > 

0.5, the –OH decreased to zero (pure germanene).112 The Ge content also can influence 

the electric properties; for example, pure GeH (100% Ge) has a band gap of 1.3 eV, 

while it is 2.4 eV for SiH (0% Ge).111–113  

Jiang et al. expanded the deintercalation of calcium digermanide (CaGe2) by 

using aqueous acid (i.e., HCl) at -40 °C (Equation 1-2) or methyl halide (i.e., CH3I) at 
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room temperature to prepare germanane and methyl-terminated germanane (Equation 

1-3).76,83,114  

 

                            3n CaGe2 + 6n HCl → (Ge6H6)n + 3n CaCl2                                (1-2) 

                          3n CaGe2 + 6n CH3I → (Ge6(CH3)6)n + 3n CaI2                            (1-3) 

 

Nicholas et al. showed that there were two forms: EuGe2 (trigonal) and α-CaGe2 

(rhombohedral), which could be transformed into different types (1T-Ge6H6, 2H-Ge6H6, 

or 6R-Ge6H6) with various band gaps (1.59, 1.45, and 1.63 eV).116 Nakamura and 

Nakano determined the condition of liquid-phase exfoliation of Ge6H6 by sonication in 

a different solvent;115 more details can be found in Section 1.7. 

 Jiang et al. determined a buckled honeycomb structure of the resulting 

compounds, with germanium atoms covalently bonded in 6-membered rings and 

bonded covalently terminated with –H or –CH3, above and below the sheet 

(Figure 1-11).19,76,116,117  

 

   
 

Figure 1-11. a) Deintercalation of CaGe2 (left) into hydrogen-terminated germanane (right)  b) CaGe2 

(left) into and methyl-terminated germanane (right).83,116 

 

Hydrogen-terminated germanane has a band gap of ≈1.6 eV, with electron 

mobility up to 18 000 cm2 V−1 s−1, which is five-fold bigger than that of the bulk (3900 

cm2/Vs).118 It is highly resistant to oxidation (slowly oxidized in the air over 5 months) 

and thermally stable to 75 °C.119,120 Compared to Ge6H6 (0.55 nm), methyl terminated 

germanane (0.86 nm) is larger, with a direct band gap that is bigger by ~0.1 eV to ≈1.7 

eV and a significantly higher thermal stability up to 250 °C. It shows remarkable 

photocatalytic activities, photoluminescence properties, and band edge 

fluorescence.64,116,121 The formation of methyl terminated germanane will produce CaI2 

as a by-product, which would form a protective layer on the surface of CaGe2, thus 

a) b) 
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preventing it from further reaction. Therefore, hydrogen-terminated germanane serves 

as a better starting material for functionalization than methyl terminated ones. Jiang et 

al. functionalized germanenes with 10 different ligands and compared their electronic 

structures and property difference; more details are discussed in Section 1.8.3.  

Following Jiang’s method, Yu et al. recently functionalized the freestanding 

hydrogen-terminated germanane by a radical-initiated/thermal-induced 

hydrogermylation reaction to form a C–Ge bond,122 and a heteronuclear 

dehydrocoupling reaction to form a Si–Ge bond (Figure 1-12).123 More details are 

discussed in Section 1.8.3.  

 

 
 

Figure 1-12. Radical-initiated/thermal-induced hydrogermylation reaction of Si–Ge bond formation and 

heteronuclear dehydrocoupling reaction of C–Ge bond formation to functionalize the freestanding 

hydrogen-terminated germanane surface, where R = –CH2–C6F13, R’ = CH3.122,123 

 

1.5 Preparation of Oligo- and Poly-germanes 
To date, much research has been carried out on 2D nanostructures. Significant progress 

has been made about different kinds of one-dimensional (1D) nanostructures in the past 

years;124 these include polymers, small molecules, and inorganic species.125 Among 

those, we only focus on 1D polymer nanostructures since they can be prepared by all 

Group 14 elements with the general formula (ER2)n, where E = C, Si, Ge, or Sn. A 

polymer is a substance or material composed of very large molecules, which consist of 

repeating units connected by covalent bonds (i.e., DNA is made from A, T, C, G). Each 
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(ER2)n is in a linear chain of E–E single covalent bonds (ignore cross-linking or side 

chains here) with σ bond electron delocalization (σ‐delocalization), which can be 

defined as the delocalized electrons across the entire backbone.  

The σ‐delocalization can influence the molecular conformations, which will 

affect material properties further according to Michl et al.126–128 Conformationally 

constrained oligosilanes were prepared by Tsuji and Tamao to investigate the 

relationship between conformation and σ-bond electron delocalization.126,129–133 They 

found that the optical properties of polymeric 1D nanomaterials were mainly dependent 

on the chain length, substituents, backbone conformation, and some secondary 

structures. For example, the band (λmax) position and absorptivity of polysilanes 

increase regularly with the increase of Si–Si chain length.128,134  

The first polysilane, named poly(diphenylsilane), was synthesized with an 

alkali metal by Kipping and Sands in 1921 (Wurtz-type coupling reaction).135 However, 

the Kipping approach has some limitations since it requires drastic reaction 

conditions.136 Thus, more alternative synthesis methods have been developed, 

including (a) homogenous dehydrocoupling polymerization reaction (using a transition 

metal as a catalyst) of hydrosilane (i.e., Cp2ZrCl2/n-BuLi, Wilkinson’s catalyst), (b) 

ring-opening polymerization (ROP), (c) anionic polymerization, and (d) 

electrochemical reduction (electro polymerization).128,137,138 

Compared to polysilanes, polygermanes, with the heavier Ge atoms in the 

backbone, show a stronger σ-conjugation and a narrower band gap; they usually are 

synthesized by Wurtz-type polymerization.139 However, the reaction conditions are 

very harsh, requiring alkali metals (i.e., Na, Li, K) as the reducing agent (alkali metals 

/toluene, reflux) (Figure 1-13). Although a variety of alkyl and aryl (R1, R2) derivatives 

can be used, the synthesis is still not friendly to many electronically active functional 

groups. Besides, Wurtz-type polymerization cannot prepare high molecular weight 

polygermanes efficiently; their yield is usually less than 25%.140  
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Figure 1-13. Proposed mechanism for polygermane synthesis by a Wurtz-type reduction from 

dichlorogermanes and sodium, where R1, R2 = alkyl or aryl.139 

 

The electrochemical reduction or electro-reduction with an Mg electrode is 

another promising method (Figure 1-14), which forms repeated Ge–Ge bonds under 

electrochemical conditions. It usually can be divided into two reactions (cathodic and 

anodic). Figure 1-14 only shows the cathodic reactions, while the anodic reaction is 

2/nM→2/nMn++2e-. The conditions are LiClO4 in tetrahydrofuran (THF) as the solvent, 

Mg as the cathode and anode under sonication, in a cell with ~3 F/mol. The 

electrochemical reduction produces polygermane, with moderate molecular weight 

distribution but less efficiency.136,141 

 

 
 

Figure 1-14. Proposed mechanism for polygermane synthesis by electrochemical reduction, where R1, 

R2 = alkyl or aryl.141 

 

Homogenous dehydrocoupling polymerization is used widely to prepare 

polysilane, but it cannot be applied to the synthesis of polymgermanes, especially those 

with high molecular weight.139,142 Harrod et al. published the dehydrocoupling of 

Ph2GeH2 using Cp2TiCl2 as a catalyst, which only formed the H–[Ph2Ge]4–H 

oligomer.142 Choi et al. reported the dehydrocoupling of PhGeH3 taking Cp2ZrCl2/n-

BuLi as a catalyst. The resulting polymers only had a small molecular weight (<100 

Da) with a partial network structure.143 

Another approach of synthesis involves the ruthenium-catalyzed demethanative 

coupling of HGeMe3. Reichl et al. demonstrated that high yield polygermanes could be 

synthesized by Ru(PMe3)4(GeMe3)2 at room temperature, which formed CH4 as a by-

product.144–146 Later, Katz et al. from the same group proposed a mechanism for those 



 

 17 

demethanative couplings (Figure 1-15).145 Although these reactions offer 

polygermanes with a relatively high molecular weight, they are limited by the 

availability of dimethyl- or dihalide- germane precursors. 

  

 
 
Figure 1-15. Proposed mechanism for linear polygermane formation by demethanative coupling.145,146  

 

Nowadays, many researchers are working still on the synthesis of polygermanes 

because, not only do the previous synthesis routes have limitations (i.e., moderate 

molecular weight products and a limit of substituent functionalities), but also because 

the polygermanes have many promising properties, including semiconductivity, 

photoconductivity, and photoluminesce.141 Thus, Royen et al. demonstrated a new 

approach: a solid-state synthesis of poly(dihydrogermane). Poly(dihydrogermane) is 

the simplest form of polygermane containing only Ge and H, which can be made from 

Zintl precursor CaGe. It can be synthesized by a deintercalation reaction of the Zintl 

phase CaGe in the acid environment, resulting in a yellow/orange solid with a high 

molecular weight.147 Based on that, Yu et al. prepared a high-quality gram-scale 
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poly(dihydrogermane) from CaGe, taking a two-step deintercalation reaction instead 

of one-step (Figure 1-16). The resulting products have a more ordered linear fabric 

morphology, a stronger Ge–Ge bond strength, and are more stable than the traditional 

ones.148 

 

 
 

Figure 1-16. Synthesis of [GeH2]n from CaGe by (a) Royen et al.147 and (b) Yu et al.148 where the blue 

spheres are Ca atoms, the purple spheres are Ge atoms, the pink spheres are H atoms, and the red spheres 

are O atoms. 

 

1.6 Ca–Ge System 
The Ca–Ge alloy system (phase diagram) can help us target and prepare various Ge 

nanosystems providing the fundamental information to prepare different Ca–Ge Zintl 

phases. The phase diagram (Figure 1-17) provides five intermetallic compounds: 

Ca2Ge, Ca5Ge3, Ca7Ge6, CaGe, and CaGe2, which are treated as stoichiometric phases. 

With the crystallographic data for the intermediate phases,91,149–151 all the Ca–Ge 

intermetallic compounds can be determined and synthesized, while not all the 

compounds can be used as ideal precursors.  
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Figure 1-17. Ca–Ge phase diagram.152,153 [Reprinted and adapted with permission from Copyright 2013 

ASM International.]  

 

Ca33Ge and Ca7Ge combine a large percentage of electropositive atoms (i.e., 

Ca) with a small number of electronegative atoms (i.e., Ge) and do not obey the Zintl-

Klemm concept.154 Ca2Ge also has limited potential as a precursor because of isolated 

anions (all the Ge atoms are four-coordinated with a Ca atom) and impossible 

deintercalation. Ca5Ge3 (Figure 1-18) only contains Ge2 dumbbells and isolated Ge 

atoms, which could form GeH4 and Ge2H6 gas easily after acid deintercalation.  

 

 
 

Figure 1-18. The structure of Ca7Ge, Ca2Ge, Ca5Ge3, and Ca7Ge6, where Ca and Ge atoms are 

represented by light blue and purple spheres, respectively.91 

 

Ca7Ge6 is formed by a peritectic reaction in the Ge-containing range of 37.5–

50% Ge, which indicates that at a mixed temperature and composition, mixing one 
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solid phase (Ca7Ge6) with liquid (L) can form another single solid phase (CaGe).149 

The liquid phase can change between CaGe and Ca7Ge6, but it is difficult to reach 

equilibrium. It is interesting to note that in the investigations outlined in Chapter 3, a 

small amount of Ca7Ge6 impurity is formed during the synthesis of CaGe and is 

removed easily during acid/water treatment and centrifugation.  

CaGe is prepared by congruently melting the elements at 1175 °C.151 The 

structure of this alloy is shown in Figure 1-19. Ge subunits are arranged in planar zigzag 

chains and aligned in a parallel fashion. These Ge chains are separated by two layers 

of Ca atoms.  

 

 
 

Figure 1-19. Scheme of the structure of CaGe, where Ca and Ge atoms are represented by light blue and 

purple spheres, respectively.91 

 

CaGe2 congruently melts at 844 °C and possesses a structure similar to that of 

CaSi2 (Figure 1-9). Four polytypes (2H, 3R, 1T, and 6R) have been reported,155,156 all 

containing anion (germanene) layers stabilized by cations (Ca).157 The 2H and 1T 

polytypes have a hexagonal crystal system, with two and one layers of germanene 

stacked in the AB and A order, respectively. The 3R and 6R polytypes have a trigonal 

rhombohedral crystal system, with three and six layers of germanene stacked in the 

ABC and AA’BB’CC’ order, respectively. However, not all structures can be used as 

precursors. A survey of the literature showed that only 6R-Ge (or β-CaGe2) and 2H-Ge 

(or α-CaGe2) were thermodynamically stable CaGe2 compounds (Figure 1-20).91,157 
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Figure 1-20. Scheme of the structures of α-CaGe2 and β-CaGe2. where Ca and Ge atoms are represented 

by light blue and purple spheres, respectively.91 

 

1.7 Layered Materials Exfoliation 
Zintl phases are the starting materials. However, after acid deintercalation, the resulting 

layered materials cannot be used directly for further application because the layered 

materials are packed in the bulk structures, which cannot fulfill optical, catalytic, or 

electronic properties (Figure 1-21).158 Thus, it is necessary to produce large-scale 

mono- or few-layers from the bulk structures.159  

 

 
 

Figure 1-21. The structure of CaGe2, bulk layered germanane (Ge6H6), and germanane dispersion.115  
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Currently, liquid-phase exfoliation is one of the most common and useful 

approaches to prepare suspended layered materials from their corresponding bulk 

materials.115 After deintercalation, the Van der Waals (vdw) forces between the layers 

are weaker. The exfoliation step facilitates the separation and release of each layer in 

the solution. In other words, liquid-phase exfoliation must take place in a proper 

solvent.160  

The type of solvent plays a critical role, not only in the efficiency of the 

exfoliation but also in the quality and properties of the exfoliated materials, which is 

determined by testing a large number of solvents through a trial-and-error process. In 

this study, after deintercalation of the Zintl phase precursor, the resulting germananes 

and polygermanes show the stacked structures of Ge6H6 and –(GeH2)n–, respectively, 

which can be described as bulk materials without Ca2+. In 2018, Nakamura and Nakano 

studied the liquid-phase exfoliation of germananes with 35 different solvents (as shown 

in Table 1-1).115 They found that the best solvent was the one with a low boiling point, 

good dispersibility, extraordinarily large δD value, and a moderately larger δH value. 

The best solvents selected for the exfoliation of Ge6H6 are also applicable to the 

exfoliation of polygermanes.115 

 

Table 1-1. List of Probe Liquids for Hydrogen-terminated Germanane (Ge6H6) 

Dispersibility Tests.115 

 

 Liquid name  Liquid name  Liquid name 

1 Acetone 13 Acetonitrile 25 2-Butanol 

2 Toluene 14 Tetrachloroethylene 26 n-Butyl Acetate 

3 2-Propanol 15 Acetic Acid 27 Carbon Disulfide 

4 Methyl Ethyl Ketone 16 Ethanol 28 Diether Ether 

5 N-Methyl-2-pyrrolidone 17 Cyclopentanone 29 1,3-Butanediol 

6 Dimethyl Formamide 18 Ethyl Acetate 30 Cyclohexylchloride 

7 Hexane 19 Formic Acid 31 Dimethyl Sulfoxide 

8 Formamide 20 Ethylene Glycol 32 1,3-Dioxolane 

9 1,4-Dioxane 21 Tetrahydronaphthalene 33 Caprolactone 

10 Propylene Carbonate 22 Chloroform 34 Methylene Dichloride 

11 o-Dichlorobenzene 23 Methylal 35 1-Bromonaphthalene 

12 Benzyl Alcohol 24 Cyclohexanol   
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1.8 Surface Functionalization  
Group 14 elemental nanomaterials have been used in many applications. However, they 

still have some disadvantageous properties, such as a small band gap and poor 

thermodynamic and chemical stability, which limit their applications. Hence, we must 

modulate their properties, improve their stability and widen their band gaps. Surface 

modification or functionalization is one of the most common ways for this purpose.  

The physicist Wolfgang Pauli said that “God made the bulk, but the surface was 

invented by the devil.”161 Surface plays such an important role because, different from 

those of the inner atoms, the surface atoms share their borders with the outside world. 

Inside the bulk, each atom is surrounded by other similar atoms that have much the 

same environment, while the surface atoms can have interactions with other different 

atoms. Therefore, the surface properties of a material can be tunable, which is also 

applicable to all nanomaterials. In the following section, different functionalization 

approaches on various nanomaterials will be introduced.  

 

1.8.1 Surface Functionalization on Wafer/Bulk Si/Ge (111) 
Before functionalization, single-crystal Si and Ge wafers have a specific orientation 

because of the arrangement of the Si or Ge atoms in a unit cell. Their arrangements are 

in the same pattern as diamond, in a face-centered cubic (fcc) structured lattice. 

Therefore, as in diamond, both silicon and germanium crystals would have the 

octahedral structure in the plane of (111) because it has the highest network density 

(Figure 1-22). In the next paragraph, only the Si/Ge (111) surface is discussed.  
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Figure 1-22. (a) Unit cell, (b) top view and (c) stacking sequences in (100), (110), and (111) orientation. 

Gray and black spheres represent silicon with different link-set types.162,163 [ (a, b) Reprinted and adapted 

with permission from Copyright 1998 IEEE and (c) from Copyright 2013 RSC.] 

 

Nowadays, the surface functionalization of Si/Ge materials has been studied by 

wet chemistry (Figure 1-23).164,165 An appropriate wet chemical treatment of the wafer 

surface is necessary for the further functionalization process to remove most of the 

oxidation but also some other organic and metallic contaminants.166–168 The surfaces 

can be cleaned with fluoride-based etching (40% NH4F or aqueous HF, must contain 

fluoride ion) to prepare a flat H-Si (111) surface169 and a rough H-Ge (111) surface.170 

The halogenation on the surface can be achieved by introducing halogen sources (i.e., 

PCl5, Cl2, CCl3Br, or N-bromosuccinimide) onto the H-Si/Ge (111) surface under high 

temperature using benzoyl peroxide or ultraviolet light as a radical initiator.171–173 One-

step halogenation can be achieved by treating the oxidized wafer surface with 10% HCl 

for 10 min; this can be  functionalized further.108,174 
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Figure 1-23. Functionalization on Si/Ge (111) surface via wet chemistry.  

 

After chemical etching, the halide-terminated or hydride-terminated surface can 

be functionalized by attaching various organic ligands. 

Hydrosilylation/hydrogermylation can be explained as the addition of an unsaturated 

bond (i.e., alkynes, alkenes) into the Si–H/Ge–H group and formation of Si–C/Ge–C 

under high temperature (usually >150 °C),175,176,177 with the addition of an initiator (i.e., 

diacyl peroxide, 4-nitro,178 or bromobenzene diazonium salt179), or with a catalyst.164,180 

The first example of hydrosilylation on a Si(111) –H surface was demonstrated in 1993 

by Linford et al.181–184 With the diacyl peroxide as the radical initiator, alkenes 

passivated on the Si–H surface formed a stable monolayer in different environments, 

including boiled solvents, water, base, or acid (i.e., HF) solutions. A Grignard reagent 

also can be applied to a halogenated Si(111) surface from H-Si(111), while it does not 

work for H-Ge(111).184–186 Halide-terminated Si/Ge(111) reacting with a strong 

organic base, such as a Grignard reagent and organolithium is another approach.187,188 

The resulting products functionalized via halogenation usually have a high surface 
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coverage of small ligands, while hydrosilylation/hydrogermylation is much faster (a 

couple of hours).108,189 Furthermore, thiols can be grafted covalently to a Si/Ge (111) 

surface through the reaction between H-Si/Ge (111) and thiols.190–192 The Si–Si bond 

also can be formed by dehydrogenative coupling using a transition metal catalyst (i.e., 

Cp2TiCl2 and Cp2ZrCl2/n-BuLi).193  

 Neither H-Si(111),194 H-Ge (111), nor Br-Si(111)171 can prevent from being 

oxidized in the presence of air, although they are good candidates for 

functionalization.195 However, after functionalization, organic ligand functionalized 

Si/Ge (111) surface can be stable in the air for days or even weeks.171,190 Furthermore, 

the functionalized surface also exhibits thermal stability. For example, alkyl-S-Ge (111) 

can be stable up to 177 °C (desorption at 277 °C).190 Alkyl-Ge (111) can be stable up 

to even higher temperatures (i.e., 200–400 °C).174,187 Similar situations can be found in 

Si (111); For example,  alkyl-Si (111) can be stable up to 300–350 °C.173,196 

 

1.8.2 Surface Functionalization on Si/Ge Quantum dots (QDs) 
Most functionalization methods mentioned above have been applied also to the QD 

surfaces.197–200 Actually, surface modification of Si QDs commonly is achieved via the 

reaction of surface hydrides or halides (i.e., Cl) with appropriate ligands. Although only 

hydride-terminated Si QDs are studied in this thesis, a brief scheme of the 

functionalization of halide-terminated silicon nanocrystals is illustrated here (Figure 1-

24).  

 

 
 

Figure 1-24. Scheme of X-SiQD (X = Cl, or Br) surface modification via reaction of surface halides 

with nucleophiles.201  
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Hydrosilylation is the most widely used surface modification method for the 

surfaces of H–Si QDs because it can be applied independently of the size or the shape 

of QDs.175–177,180,202 It can be used to functionalize hydride-terminated Si QDs, where 

unsaturated ligands are inserted between Si–H bonds to form stable Si–C linkages with 

high surface coverage. It can be achieved by radical-initiated,197 photochemical (AIBN 

60 °C, BP 85 °C),203 thermal,204 platinum-catalyzed,205 diazonium salt-initiated,206 and 

boranes catalyzed177 without heat, light, or catalyst (Figure 1-25).207 

 

 
 

Figure 1-25. Scheme of common hydrosilylations on hydride-terminated Si QDs are (a) radical-initiated 

hydrosilylation,197 (b) photochemical hydrosilylation,203 (c) thermal hydrosilylation,204 (d) platinum-

catalyzed hydrosilylation,205 (e) diazonium salt-initiated hydrosilylation,206 (f) borane catalyzed 

hydrosilylation,177 and (g) hydrosilylation without heat, light, or catalyst.207  

 

Thermal hydrosilylation is the most common method, usually carried out in the 

temperature range between 100 and 190 °C with the assistance of alkene/alkyne as the 

reagent solvent. Unfortunately, this temperature is so high that it can boil some short-

chain organic ligands. Tilley et al. prepared water-soluble amine-terminated Si QDs 

using chloroplatinic acid (H2PtCl6) as a catalyst to produce hydrosilylation at room 

temperature.205 Yang et al. carried out a low-temperature radical-initiated (i.e., AIBN, 

60 °C) hydrosilylation, which allows for a wide range of functional group tolerance 

with high surface coverage (64%).204,208 Hohlein et al. developed a series of organic 
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soluble diazonium salts for hydrosilylation on H-Si QDs.197,206 Purkait et al. reported 

the hydrosilylation using Lewis acid BH3·THF to functionalize short-chain ligands 

(pentene and pentyne) on the surface of H-Si QDs.177 Korgel et al. investigated a room-

temperature hydrosilylation approach to functionalize with bifunctional ligands 

without any external triggers (i.e., heat, light, or catalyst).207 However, this reaction is 

very time-consuming, requiring 12–120 h. Xenon difluoride (XeF2)-mediated 

functionalization was reported by Mobarok et al. XeF2 and PCl5 are etchants162 that can 

cleave Si–Si α bonds.55 They can generate a large number of fluorine or chlorine 

radicals that rapidly strip off surface Si atoms and leave dangling bonds (≡Si•). The 

fluorine or chlorine radicals can remove a significant portion of surface Si–Hx species 

in the form of hydrofluorosilane or hydrochorosilane byproducts. 

Although hydrosilylation has been well developed in the past, there are some 

alternative methods for the functionalization of Si QDs. Hohlein et al. functionalized 

Si QDs using alkyl aryl lithium reagents (organolithium reagent based).197 The 

approach based on Grignard reagents is not as effective as hydrosilylation because the 

former requires the reactive Si–Li (after Si–Si cleavage) to get further functionalization 

with bromoalkene and epoxide. Dasog et al.30,54,209 functionalized H-Si QDs with 

trialkylphosphine oxide (TOPO), carbon dioxide (CO2), and amines (RNH2) (Figure 1-

26). The amine or carbon dioxide functionalized Si QDs are not stable under ambient 

conditions, but TOPO passivated Si QDs are colloidally stable.  
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Figure 1-26. Surface functionalization of hydride-terminated silicon QDs with organolithium (LiR), 

trialkylphosphine oxide (R3P = O), carbon dioxide (CO2), and amines (RNH2).30 

 

Furthermore, hydride-terminated Si QDs can be transformed into halide-

terminated Si QDs, which are good precursors for further functionalization with 

different organic ligands (i.e., alcohols, amines, Grignard, or organolithium reagents, 

silanols, or lithium aluminum hydride) (Figure 1-27). Recent research by Dasog et al. 

extended the two-step functionalization by using different halide sources (i.e., PCl5, 

Br2, and I2).
30,54,216–218 Figure 1-27 shows that there is a significant etching of Si QDs 

using chloride or bromide Grignard reagents but an undetectable etching using iodide. 

As a result, only Cl-Si QDs and Br-Si QDs can be used to prepare alkyl-passivated 

SiQDs efficiently with Grignard reagents, while I-Si QDs would be oxidized easily. 
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Figure 1-27. Halide-terminated surfaces derived from hydride-terminated SiQDs, followed by Grignard 

reactions. The color of the SiQDs corresponds to the resulting PL, reflecting the influence of the halide 

on SiQDs optical properties.54  

 

Many different ligands have been used to functionalize Ge QDs as well. In the 

same way as Si QDs, hydride-terminated Ge QDs also can be functionalized with an 

alkyl group (i.e., alkane, alkene, or alkyne) by heat, UV, or a catalyst initiated 

hydrogermylation to form stable Ge–C bonds (Figure 1-28 g). For example, Wilcoxon 

et al. reduced GeX4 (where X = Cl, Br, or I) at room temperature with hydride-

containing reductants, such as LiAlH4, before functionalization.212  

There are some alternative surfaces capable of being functionalized. For 

example, chloride terminated 4 nm Ge QDs can be functionalized with acetal and alkyl 

via Grignard reagents (Figure 1-28 a).213 Lambert et al. partially exchanged the ligands 

from hexadecylamine (HAD) to tri-octylphosphine (TOP) or oxtadecanthiol (ODT) on 

the 3–5 nm Ge QDs’ surface (Figure 1-28 b).214 Ruddy et al. prepared 4 nm Ge1-xEx 

alloyed QDs functionalized with an octadecyl (OED) or OAM, which could then be 

exchanged to amine termination (i.e., hexylamine, polyamine) (Figure 1-28 c).215,216 

Purkait et al. prepared hydrophobic 5.25 nm Ge QDs functionalized with dodecyl 
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(stable in non-polar solvents) and with 3-dimethylamino-1-propene (stable in polar 

solvent) (Figure 1-28 d).34,177,217 Holmes et al. found effects of OAM, dodecanethiol 

(DDT), and N4,N4,N4’,N4’-tertraphenylbiphenyl-4,4’-diamine (TPD).218 OAM can be 

replaced by either DDT or TPD with hydrazine or direct displacement (Figure 1-28 e). 

Ge QDs papered in RF plasma can be functionalized via ligand exchanging. 

Specifically, the OAM ligand can be replaced by many different compounds (i.e., 

hexadecylamine, CTA+, dodecylammonium, methylammonium, hydrazinium, and 

even sodium or potassium metals) (Figure 1-28 f).219  
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Figure 1-28. Scheme of functionalities to the Ge QDs.220 
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To address the issues of hydride-terminated reduction of germanium 

compounds (Figure 1-29) further, Fok et al. used solid GeI4 instead of volatile GeCl4 

and reduced a toluene solution of GeI4 in cetyltrimethylammonium bromide (CTAB) 

with LiAlH4.
198 Refluxing of the produced hydro-terminated Ge QDs with n-undecene 

led to n-undecyl terminated Ge QDs, which showed PL around 390 nm. 

 

 
 

Figure 1-29. Scheme of the synthesis and surface derivatization of Ge QDs.198  

 

1.8.3 Surface Functionalization on 2D Si/Ge  
There are many similarities among surface functionalization of 2D Si/Ge materials, 

QDs, and bulk materials. As mentioned in Section 1.4, transition metal-catalyzed 

(H2PtCl6·6H2O),105 radical-based (diazonium and iodonium salts, AIBN and 

thermal)221–224 Lewis acid 3-coordinate B/Al catalyzed (i.e., BH3·S(CH3)2, BF3, 

BCF/B(C6F5)3, and ACF/Al(C6F5)3) hydrosilylation225 have been reported for hydride-

terminated silicane (Figure 1-30). In addition, hydride-terminated silicane can be 

functionalized using organoamines to yield Si–NHR and Si–(NR) –Si at 60 °C for 12 

to 24 h (Figure 1-9).226,227 Besides hydrosilylation, Grignard reagents also are applied 

widely. Sugiyama et al. showed that hydride-terminated silicane can be functionalized 

by Grignard reagent (PhMgBr) at 70 °C for 2 days to prepare phenyl-terminated Si NSs 
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(band gap = 2.7 to 2.9 eV).226 The starting materials also can be the Zintl precursor, 

like CaSi2 or CaGe2. For example, Ohashi et al. in 2019 reacted CaSi2 with neat benzyl 

bromide at 150 °C to yield a yellow benzyl-modified silicane.228 

 

 
 

Figure 1-30. Scheme of Lewis acid catalyzed hydrosilylation, where BH3·SMe2 = borane 

dimethylsulfide, BF3 = Trifluoroborane, ACF = tris(pentafluorophenyl)alane, and BCF = tris(penta-

fluorophenyl)borane.225 

 

Radical-based (AIBN and thermal), Lewis acid (BH3·THF), and etchant (XeF2) 

hydrogermylation have been reported for germanane.106,122 Specifically, Yu et al. 

functionalized the hydride-terminated germanane by radically-induced and thermally-

induced hydrogermylation using dodecane.122 The suspension of germanane must be 

ultrasonicated before adding a radical initiator (azobis(isobutyronitrile)) or heating 

(190 °C) because a bilayer or multilayer always is formed. The radical-induced 

hydrogermylation prepared germanane covered 55% of the surface, while the thermal-

induced germanane covered 103% because of its partial oligomerization of the ligands. 

Furthermore, there was a redshift in Ge6H6 (radically-induced functionalized 

germanane) from 1.7 eV to 1.5 eV and 1.1 eV (thermally-induced functionalized 

germanane). They also found that functionalization would affect the chemical and 

thermal stability of germanane. After it was functionalized, dodecyl-GeNSs did not 

lose a lot of mass at temperatures lower than 365 °C. Radical and thermal-induced 

functionalized GeNSs would not lose the surface group until the temperature was raised 

to 470 °C and 475 °C. Yu et al. also functionalized the hydride-terminated germanane 

with both primary hydridosilanes (H3SiC18H37, H3Si(CH2)2(CH2)6CF3) and tertiary 

hydridosilanes (HSi(Me)(C18H37), HSi(CH17)3) simply by thermal heating.123 Also, the 
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same method worked well with hydride-terminated Si QDs (3–64 nm). Once Si–Ge 

was formed, the bright red PL was quenched.  

On the other hand, Jiang et al. established the synthesis, properties, and surface 

functionalization of germananes (see Section 1.4). Since 2014, their alkylation method 

was successful, with over 95% surface coverage, and produced a library of germananes 

terminated with different organic ligands (Figure 1-31). They established the effect of 

ligand size (greater size) and electronegativity (more electronegative) on the electron 

structures (lower band gap). Simply by changing the identity of the organic ligand, the 

band gap of germanane can be tuned by about 15%.83,116 

 

 
 

Figure 1-31. Ligand effect on the band gap. (a) The relative size of the four ligands decreases from left 

to right. (b) Relative electronegativity of the four ligands decreases from left to right. (c) DRA of the 

GeR terminated with these four ligands increasing from GeCH2OCH3 (orange) to GeCH2CH = CH2 

(olive) to GeH (blue) to GeCH3 (red).116 [Reprinted and adapted with permission from Copyright 2016 

American Chemical Society, further permissions related to the material excerpted should be directed to 

the American Chemical Society, https://pubs.acs.org/doi/full/10.1021/acs.chemmater.6b04309.] 

 

1.9 Scope of this Thesis 
In Chapter 1, we give a brief introduction on the definition, classification, synthesis, 

precursor, and surface functionalization of the  

Group 14 nanomaterials, especially on silicon and germanium. We first introduce 

different methods for the preparation of Si/Ge nanomaterials by various morphologies, 

including 1D polymers and 2D nanosheets. We also mention the history of the 

development of these nanomaterials. The synthesis strategies of 1D polygermanes 

include Wurtz-type coupling, electrochemical reduction, and dehydrocoupling. The 

synthesis strategies of 2D nanosheets can be categorized into deposition on metallic 
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substrates and deintercalation of Zintl phases. The surface functionalization on Ge 

wafer surfaces, porous surfaces, quantum dots, polygermanes, and Ge nanosheets are 

summarized, including hydrogermylation, Grignard, organolithium reagents, 

dehydrocoupling reaction, amination, and thiolation. Figure 1-32 summarizes the 

methods that have been used to functionalize hydride-terminated Si and Ge QDs, as 

discussed earlier in this chapter. The study is relevant to the development of 

nanomaterials since the previous synthesis routes have limitations (i.e., moderate 

molecular weight products and limit of substituent functionalities). Besides, the 

prepared nanomaterials have many promising properties including semiconductivity, 

photoconductivity, and photoluminescence. 

 

 
 

Figure 1-32. Summary of the synthetic pathway of hydride-terminated Si and Ge QDs. 
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Chapter 2 concentrated on the functionalization on Si QD surface with different 

self-synthesized dicarboxylic acid ligands, as the precursors for the dissipative reaction 

chemical cycle. A series of experiments conducted in this study discovered the 

combined effects of the two acids and SiNCs. Through analyzing the combined effects, 

dicarboxylic acids such as aspartic and succinic acid showcase assembly properties 

while SiNCs demonstrate the property of luminescence. On the condition of adding 

EDC to functionalized SiNCs, the type of SiNCs that aspartic acid terminated fails to 

show dissipative self-assembly, whereas the type of SiNCs that were terminated by 

succinic acid reacted partially as expected. 

In Chapter 3, we present the thiolation on the hydride-terminated polygermane 

and Ge nanosheets to produce Ge–S bonding by simple heating of the reaction with 

thiols and disulfide. After the completion of the chemical reaction, the Ge–H bonds 

were consumed, and C–H and C–S vibration modes were observed in FTIR spectra. In 

the end, a series of characterizations were carried out to confirm the thiol-termination. 

Finally, Chapter 4 shows a summary from Chapters 1 to 3 and describes the 

outlook to prepare other functionalization. 
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Chapter 2 
  

Dissipative Self-assembly of Dicarboxylic Acid 

Functionalized SiNCs 
 

2.1 Introduction 
Self-assembly is a process in which building blocks in a disordered system 

spontaneously and autonomously form a stable and organized supermolecule, structure, 

or pattern.1 These building blocks (i.e., amphiphiles, gelators, peptides, etc.)2–4 can be 

held together by noncovalent interactions that lead to different properties or functions 

as assemblies. The design of the building blocks can determine the type of assembly 

and its properties.5,6 Silicon nanocrystals (SiNCs) can have great potential for many 

applications due to their tunable photoluminescence, biocompatibility, and low 

toxicity.7–10 These properties can be tuned through surface functionalization, which 

relies on the formation of covalent bonds. Unfortunately, there are some limitations for 

the properties of dynamic materials to adapt to environmental changes due to the static 

nature of the bonds. Thus, one can envision how their utility could be expanded greatly 

if they could be used as a building block in dissipative self-assembly.  

In dissipative self-assembly, the assembly process is driven by a chemical 

reaction cycle, which can be sub-divided into two reactions, activation and 

deactivation.4,11–14 For the activation reaction, precursors are converted into active 

products, with irreversible consumption of a high energy molecule (i.e., chemical fuel) 

or photon (i.e., light). The metastable products, in the limited lifetime, can self-

assemble because it is more energy favorable. The second reaction, the deactivation is 

a spontaneous process, which converts the products back to the original precursors. 

This conversion back to the precursor leads to disassembly and the dissipative nature 

of the process (Figure 2-1).15,16  

Dissipative self-assembly was reported first in 2015 and has grown into an 

intriguing field of research.4,13,17 Maiti et al. reported the ATP-fueled dissipative self-

assembly of amphiphiles into vesicular nanoreactors,13 and Tena-Solsona et al. 
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described the carbodiimide-fueled dissipative self-assembly of dicarboxylate forming 

the colloid, which can deliver hydrophobic agents.18 There are also examples of the 

dissipative assembly of nanocrystals. Klajn et al. functionalized the surface of Au/Ag 

NCs to self-assemble into a self-erasing ink in light-driven dissipative self-

assembly.19,20 Grötsch et al. activated carboxylate surface groups terminated 3 nm 

SiNCs with a transient N-hydroxysuccinimide (NHS) ester through the consumption of 

EDC.21 

 

  
 

Figure 2-1. Dissipative self-assembly chemical reaction cycle: For the activation reaction, the precursors 

are inactive. With the addition of energy, the precursors convert into active products irreversibly. The 

deactivation is a spontaneous process, which converts the products back to precursors. The active 

products can self-assemble.22  

 

While promising, the EDC fueled self-assembly of hexenoic acid functionalized 

SiNCs required the addition of excess NHS. The lifetime of NHS ester is extremely 

long, leading to a half-life of 3.88 h; this leads to long-lived assemblies that are present 

for up to 12 h. The study outlined in this chapter aims to develop a shorter lifetime 

chemical reaction cycle and converts a dicarboxylate SiNCs precursor into a transient 

anhydride without extra addition of NHS (Figure 2-2 a). 

  

Precursor

Product

Assembly

Deactivation
and disassembly

ActivationEnergy

Waste

Deactivation



 

 55 

  
 

Figure 2-2. (a) Scheme of the chemical reaction cycle developed in this study. The dicarboxylate 

functionalized SiNCs are converted into the metastable (anhydride) product by consumption of the EDC. 

The detailed mechanism can be found in Figure 2-S2. (b) The molecular of dicarboxylate functionalized 

SiNCs precursors and their anhydride lifetimes, allyloxy poly(ethylene oxide)methyl ether was omitted 

for clarity.  

 

2.2 Chemicals and Synthesis 

2.2.1 Chemicals 
Electronic-grade hydrofluoric acid (HF(aq), 48%) was purchased from Fisher Scientific 

and used directly. Reagent grade sulfuric acid (H2SO4, 95–98%) was purchased from 

Caledon Laboratory Chemicals. Allyloxy poly(ethylene oxide)methyl ether [PEG, 9–

12 ethylene oxide units, molecular weight ≈ 450 g/mol, density = 1.076 g/mL] was 

purchased from Gelest Inc. Undecanoic acid [molecular weight = 184.28 g/mol, density 

= 0.912 g/mL, 98.0%], N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
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hydrochloride [EDC, ≥98.0%], N-hydroxysulfosuccinimide [Sulfo-NHS, ≥98.0%], 

D-aspartic acid [99.0%], 2-oxopiperidine-4-carboxylic acid [molecular weight = 

143.14 g/mol, density = 1.24 g/mL, 95.0%], fuming sulfuric acid (reagent grade, 20% 

free SO3 bases) and trichlorosilane [molecular weight = 135.45 g/mol, density = 

1.342 g/mL, 99%] were purchased from Sigma-Aldrich and used directly. Deionized 

(DI) water was obtained from a Milli-Q® Reference water purification system. Toluene 

was purified by a Pure-Solv purification system (Innovative Technologies, Inc.). 

Hexane and ethanol were purchased from EMD Millipore. All chemicals were used 

without further purification unless otherwise indicated. 1H NMR was measured on a 

400 MHz spectrometer at 25 °C in CDCl3 or CD3OD, as appropriate. 

 

2.2.2 Synthesis of Hydrogen Silsesquioxane (HSQ)  
HSQ, short for hydrogen silsesquioxane was synthesized, based on a well-established 

literature procedure,23 by selective oxidization of trichlorosilane with sulfuric acid. Dry 

toluene (210.0 mL) in the top addition funnel was added to a mixture of concentrated 

(70.0 mL) and fuming (32.5 mL) sulfuric acid in an Ar-filled round bottom flask 

(Figure 2-S1). Subsequently, trichlorosilane (75 mL) in dry toluene (510 mL) was 

introduced to the addition funnel and was added dropwise (1 gtt/sec) to the solution in 

the round flask over a few hours. The final mixture was stirred for an extra 30 min, 

isolated, and washed with a 33% aqueous sulfuric acid solution (600 mL). The product 

in the organic solvent was dried over a mixture of magnesium sulfate (~5 g) neutralized 

with calcium carbonate (~5 g) for 12–16 h. After that, the toluene was removed by 

rotary evaporation, followed by in vacuo. The white solid product (yield: 28 g, 98%) 

was stored under vacuum until further use. 

 

2.2.3 Synthesis of H-SiNCs  
H-SiNCs were synthesized based on a well-established literature procedure published 

by the Veinot group.24 Thermal processing of HSQ (5 g) was performed in a standard 

Lindberg blue tube furnace at 1100 °C under a flowing H2 5%; Ar 95% atmosphere for 

1 h. (Heating profile: the temperature was set from 25 to 1100 °C with a ramp rate of 

18 °C/min; then the temperature was fixed at 1100 °C for 1 h and was decreased to 

25 °C over a time frame of 12 h.)  
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The resulting dark amber SiNC/SiO2 composite was transferred to an agate 

mortar with the addition of 100% ethanol to mechanically grind it, yielding a fine dark 

brown slurry. The slurry (d = 3 mm) was placed into a thick-walled flask with 

borosilicate glass beads and shaken for 8 h. The powder was suspended in 100% 

ethanol and collected via Millipore 0.54 μm PVDF hydrophilic membrane filter 

(vacuum filtration). H-SiNCs were prepared by chemical etching using a 1:1:1 solution 

of 100% ethanol: DI water: 49% HF.24 A 1 g of composite requires 30 mL of etching 

solution in a typical procedure. The composite was immersed into the etching solution 

in a Teflon beaker, under stirring with a PTFE-coated stirring bar, for 50 min. The 

resulting cloudy, yellow mixture separated into two layers after extra toluene was added. 

The top layer was transferred into a test tube, which was centrifuged at 3000 rpm for 

5–10 min to separate out the H-SiNCs. The clear, colorless supernatant was discarded, 

and the step was repeated two more times. The H-SiNCs used for the following reaction 

were redispersed into toluene, with the addition of active molecular sieves (4 Å beads, 

4–8 mesh). The molecular sieves can remove residual moisture from H-SiNCs.  

 

2.2.4 Synthesis of Water-soluble SiNCs  
Water-soluble SiNCs were prepared following a literature procedure.24 H-SiNCs 

prepared from etched SiNC/SiO2 (600 mg) were dispersed with excess undecanoic acid 

(7.14 mmol, 1.5 mL) and allyloxy poly(ethylene oxide)methyl (10.76 mmol, 4.5 mL), 

and the suspension was transferred into an Ar charged Schlenk flask equipped with a 

magnetic stir bar. The mixture was exposed to three freeze-pump-thaw degassing 

cycles with an Ar charged Schlenk line. After the last thaw, the Schlenk flask was 

refilled with Ar and heated to 170 ℃ with stirring. The yellow, cloudy suspension 

became an orange, transparent solution in 1 h, and the reaction was kept heating for 3 

h in total. Then, these SiNCs would be extracted by liquid-liquid extraction with 

hexanes/DI water two times, filtered through a hydrophilic dialysis membrane filter 

(12,000–14,000 Dalton), and isolated using (30,000 Dalton) centrifugal filter units 

(Millipore) by multiple centrifugations (5 × 3000 rpm, 15 min).25 The final product was 

characterized by FTIR, TGA, and TEM. 
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2.2.5 Functionalized Water-soluble SiNCs with Aspartic Acid 
EDC (10 mg, 0.064 mmol) and sulfo-NHS (10mg, 0.046 mmol) were dissolved in 

20 mM HEPES buffer (895 μL, pH 7) to create a clear solution. Water dispersion of 

water-soluble SiNCs (100 μL) was added, rendering the solution orange to yellowish 

orange luminescent. The solution was stirred for 30 min at 25 °C, and then D-aspartic 

acid (0.075 mmol, 10 mg) was added, which weakened the luminescence slightly. 

Finally, the solution was stirred overnight at 25 °C, and the resulting yellow 

luminescent mixture was purified using (30,000 Dalton) centrifugal filter units 

(Millipore) by multiple centrifugations (5 × 3000 rpm, 15 min rounds). The resulting 

SiNCs were freeze-dried and stored in a freezer (–30 °C). The final product was 

characterized by FTIR, UV, TGA, and XPS. 

 

2.2.6 Typical Procedure for Ring-opening in Acidic Condition of 

(RS)-2-oxopiperodome-4-carboxylic Acid 
  

  
 

(RS)-2-[2-aminoethyl] butandioic acids were prepared following a literature 

procedure.26 A 6 M aqueous hydrochloric acid (60 mmol, 10 mL) solution was added 

with (RS)-2-oxopiperodome-4-carboxylic acid (1 mmol, 0.14 g) into a small glass vial, 

and the mixture was stirred at 90 °C for 24 h. The compounds were completely dried 

under a high vacuum for 24 h.  

(RS)-2-[2-Aminoethyl] butandioic acid, hydrochloride is a viscous, colorless 

oil. 1H NMR (400 MHz, CD3OD, T = 25 °C): The peak at 2.71 ppm, 2.56 ppm, 1.99–

2.08 ppm, 1.84–1.93 ppm, 2.97–3.09 ppm, and 2.83–2.91 ppm were attributed to -

COOH- and -CH-, -CH2-COO- and other -CH2- on the chain, respectively. 
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2.2.7 Functionalized Water-soluble SiNCs with Derivatives of 

Succinic Acid 
EDC (10 mg, 0.064 mmol) and sulfo-NHS (10 mg, 0.046 mmol) were dissolved in 

20 mM HEPES buffer (895 μL, pH 7) to create a clear solution. Water dispersion of 

water-soluble SiNCs (100 μL) was added, rendering the solution orange to red 

luminescent. The solution was stirred for 30 min at 25 °C, and then synthesized (RS)-2-

[2-aminoethyl] butandioic acid (10 mg, 0.069 mmol) was added. The aqueous workup 

procedure is the same as that in Section 2.2.4. The final product was characterized by 

FTIR, UV, TGA, and XPS. 

 

2.2.8 Characterization and Analytical Methods 
Titration of Dicarboxylic Acid Functionalized SiNCs 

A small portion (10%) of the freeze-dried functionalized SiNCs (100 µL) were 

dispersed in DI water and sonicated for at least 3 h until the sample completely 

dissolved. The SiNCs (in DI water) were set pH at 10.5 by adding concentrated NaOH 

(1 M). The sample was titrated against HCl (0.1 M) to calculate the pKa of the sample 

(Figure 2-S3).  

 

Addition of EDC to Precursor Solution for the Self-assembly 

The remaining SiNCs were dispersed in degassed MES Buffer (0.2 M, pH = 5–7.4) to 

prepare a 5 mM solution. To activate the cycle, EDC was added from a high-

concentration stock solution, i.e., a 25–100 µM EDC fuel was added to a precursor 

solution according to the target concentrations of each sample. 

 

Fourier-Transform Infrared Spectroscopy (FT-IR) 

FTIR spectra were collected using a Thermo Nicolet Magna 750 IR Spectrometer 

(32 scans). FTIR samples were prepared by drop coating a DI water dispersion of the 

sample in question onto an electronic-grade Si-wafer and dried under air or nitrogen 

atmosphere. 
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Transmission Electron Microscopy (TEM) 

Bright-field transmission electron microscopy (TEM) images were obtained using a 

JEOL JEM-ARM200CF S/TEM electron microscope operated at 200 keV. TEM 

samples were prepared by depositing a small droplet (~0.01 mL) of DI water 

suspension of the functionalized SiNCs onto a 200-mesh carbon-coated copper grid, 

which was purchased from Electron Microscopy Inc. Excess solvent was drawn off 

using standard filter paper. The grid on which the sample was mounted was maintained 

in a vacuum chamber for at least 24 h prior to image acquisition. The SiNC size was 

averaged for more than 100 particles using software ImageJ. 

 

X-ray Photoelectron Spectroscopy (XPS) 

XP spectra were obtained using a Kratos Axis Ultra instrument operating in energy 

spectrum mode. Samples were prepared by depositing a solution of functionalized 

SiNCs in DI water onto a copper foil substrate (thickness = 0.25 mm) and allowing it 

to dry. The operating chamber pressure was maintained at 10–7 Pa. A monochromatic 

Al Kα source (λ = 8.34 Å) at 210W irradiated the samples, and the spectra were 

collected with a bandpass energy of 20 eV, 0.1 eV step size, electron take-off angle of 

90°. CasaXPS software (VAMAS) was used to interpret high-resolution spectra. All 

high-resolution spectra were calibrated to the C 1s emission (284.8 eV), and a Shirley-

type background was applied to remove most of the extrinsic loss structure. The Si 2p 

emission (Si 2p1/2 to Si 2p3/2 peak area ratio) were fitted to a doublet at 0.5 with the 

same full-width-at-half-maximum for both components and 0.6 eV energy separation.  

 

UV-visible Absorbance and Photoluminescence (PL) 

UV/VIS-absorbance measurements were performed using a SpectraMax i3x 

multimode microplate reader. The DI water suspension of functionalized SiNCs was 

dropped in small droplets (~0.01 mL) onto a 96 well plate with a wavelength range of 

200 nm to 800 nm. After the assay started, the samples in the plate were shaken before 

the measurement and between each measurement by the instrument. The absorbance 

was recorded every 2 min. Photoluminescence (PL) spectra also were recorded using a 

SpectraMax i3x multimode microplate reader. The PL samples were prepared in the 
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same way as in the UV measurements and were measured with an excitation 

wavelength of 365 nm with excitation and emission slits widths of 5. 

 

Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) data were obtained using a Mettler Toledo 

TGA/DSC 1 Star System under an Ar atmosphere (25–800 ℃, 10 ℃/min). 

Functionalized SiNC samples were freeze-dried into a solid residue and placed on a 

platinum pan. The surface coverage can be calculated based on TGA weight loss 

(Equation 2-S1). 

 

Dynamic Light Scattering (DLS) 

DLS was measured by a Malvern Zetasizer Nano ZS from Malvern with a laser 

wavelength of 633 nm. The functionalized SiNCs in DI water were measured using a 

disposable polystyrene cuvette. Each measurement consisted of six acquisitions 

(1 acquisition time = 20 s).  

 

Confocal Fluorescence Microscopy 

The confocal fluorescence microscopy image was collected on a Leica TCS SP8 

confocal microscope using a 63x water immersion objective. Samples were placed on 

a microscope slide, covered with a coverslip (d = 12 mm), and 20 μL of the sample 

were taken before EDC, and after 5 min, 20 min, and 2 h. Samples were excited with 

laser (543 nm) and imaged (580–700 nm). 

2.3 Results and Discussion  
A wide variety of chemically fuel-driven, self-assembly reaction cycles have been 

reported (e.g., EDC-fueled NHS-ester formation).18,21,27,28 Most of those cycles require 

very long periods (i.e., several hours or even days) to complete. In contrast, the EDC-

fueled anhydride formation cycle using dicarboxylic acids as precursor proceeds 

comparatively quickly (i.e., several minutes or a few hours).18,29  

In this work, we use water-soluble dicarboxylic acid-terminated SiNCs with a 

diameter of 3 nm as precursors in the chemical reaction cycle (Figure 2-2 b). The 

synthesis strategy used to achieve water solubility is shown in Figure 2-3. PEG and 

undecanoic acid-terminated SiNCs were synthesized first as the core. Subsequently, 
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the surface was modified with different acid groups (i.e., aspartic acid and succinic acid 

derivatives) via EDC coupling. 

 

 
 

Figure 2-3. A schematic representation of the synthesis of aspartic acid-terminated SiNCs and 

derivatives of succinic acid-terminated SiNCs. More details can be found in Figures 2-S12, 2-S13, and 

2-S14. 
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2.3.1 Characterizations of the Precursors—Dicarboxylic Acid-

Terminated SiNCs  
FTIR spectroscopy allows identification of the chemical functional groups present in a 

given material, while simultaneously offering a convenient approach to evaluating NCs 

surface modification. The successful surface functionalization of SiNCs with 

dicarboxylic acid was confirmed. Figure 2-4 shows the aliphatic sp3 C–H stretching 

presence (~3000–2800 cm-1), C–O/C–C stretches (~1100 cm-1), and carboxylic acid 

hydroxyl feature (~3000 cm-1).25,30 We also note that Si-Hx features at approximately 

2100 cm-1, evident in the spectra of hydride-terminated SiNCs (Figure 2-S4), are not 

detected in the spectra of the functionalized systems. The additional features at 

~1670 cm-1 and 1690 cm-1 (C=O stretching) and ca. 1540 cm-1 (amide N–H bending) 

are the presence of characteristic amide feature resulting from EDC coupling.31,32  

 

 
 

Figure 2-4. FTIR spectra of (a) aspartic acid-terminated SiNCs and (b) succinic acid-terminated 

SiNCs. Insets show corresponding illustrations of respective structures. 

 

a) 

b) 
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Figure 2-S6 displays the UV-visible absorption and PL measurement of aspartic 

acid functionalized SiNCs (asp-SiNCs, blue line) and derivatives of succinic acid 

functionalized SiNCs (suc-SiNCs, red line). Both asp-SiNCs and asp-SiNCs (Figure 2-

S6 a) show strong absorptions at wavelengths from 270 nm to 400 nm, with a tail from 

400 nm across the visible (creating the orange-yellow color, as shown in Figure 2-S6). 

They have PL maximum at ~656 nm (Figure 2-S6 b). This is consistent with other 

functionalized 3 nm SiNCs.24  

Further exploration of the functionalized SiNCs was performed using XPS. The 

C 1s region of the XPS of asp-SiNCs and suc-SiNCs (Figure 2-5 a,b, respectively) 

show a strong peak at ~286.5 eV, which corresponds to C–N/C–O; a strong peak at 

~284.9 eV, which attributed to C–C/C–H (aliphatic carbon); as well as a weak peak at 

~288.3 eV, which corresponds to HCOOR/–CONH– (amide group).33,34 What is more, 

expected emissions associated with conjugated amino acid can be detected at 

~400.0 eV in the N 1s region (Figure 2-5 b,c).35 Last but not least, the Si 2p XPS of 

asp-SiNCs and suc-SiNCs are shown in Figure 1-5 e,f, which were fitted to the Si 2p3/2 

(higher BE) and 2p1/2 (lower BE) spin-orbit couple. The pink peaks attributed to silicon 

of oxidation state of 3 and the green peaks attributed to silicon dioxide with silicon of 

oxidation state of 4, which are the results of surface ligands and suboxides.24 

 

 

 

Figure 2-5. C 1s for a) asp-SiNCs, b) suc-SiNCs; N 1s for c) asp-SiNCs, d) suc-SiNCs; Si 2p for 

e) asp-SiNCs, f) suc-SiNCs.  
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Thermogravimetric analysis (TGA) of water-soluble SiNCs, asp-SiNCs, and 

suc-SiNCs were performed (Figure 2-6), showing a substantial weight loss consistent 

with loss of surface groups with heating.  

 

 
 

Figure 2-6. TGA data of (a) asp-SiNCs, (b) suc-SiNCs, and (c) water-soluble SiNCs. 

 

2.3.2 Test on Fueled Transient Anhydride Formation 
At this point, we can conclude that precursors, asp-SiNCs and suc-SiNCs, were 

synthesized successfully. In order to investigate their activation, asp-SiNCs were fueled 

with EDC; no apparent visibly obvious changes were noted after up to 24 h, and 

fluorescence microscopy showed a homogeneous fluorescent solution. 

Since the asp-SiNCs cannot assemble, the suc-SiNCs were fueled with EDC. 

First and foremost, without any stirring, clusters were observed 10 min after 25 mM 

EDC addition, but there was no visible turbidity in the solution, and the clusters did not 

disassemble after 24 h. This can be explained by the physical crosslinking between the 
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surface ligands. Thus, in the following experiment, the same reaction condition was 

maintained but with stirring.  

Without EDC addition, the fluorescence microscopy showed no assemblies 

(Figure 2-7 a). By contrast, 20 min after the addition of EDC, small fluorescent (green) 

clusters were observed, there is no fluorescent emission in the surrounding solution 

(Figure 2-7 c), and still, no turbidity can be observed. After 2 h, a homogeneous 

photoluminescent solution was observed. 

 

    
 

Figure 2-7. Confocal fluorescence microscopy images were collected before (a) and 5 min (b), 20 min 

(c) and 2 h (d) after adding EDC.  

 

In order to determine the lifetime, a dynamic light scattering (DLS) 

measurement was required. From the DLS (Figure 2-S9), we note that the diameter 

decreased in the first 10 min (~90 nm to 10 nm) after EDC addition, then increased and 

stayed constant. Also, the count rate decreased minimally after EDC was added. Based 

on that, we cannot conclude that assembly did happen because the size should become 

bigger and the count rate should become very small if most of the clusters form. This 

might have happened because of the unfavorable buffer conditions, such as pH and 

concentration. 

Thus, in the following experiment, both the pH and the concentration of MES 

buffer were changed. In a neutral solution (i.e., pH = 7.4, d = 4 nm), there were no 

assemblies and no turbidity. If we lowered the pH to 6–6.5, the diameter increased to 

80–140 nm, and if we kept lowering the pH to 5.3, the average diameter increased to 

400 nm (the real pH with the SiNCs should be 5.5); this might be aggregation due to 

the low pH value.  

2 h 
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At a lower buffer concentration (25 mM and 50 mM), there was only a tiny 

number of assemblies, but if we used the buffer with a higher concentration (100 mM 

and 200 mM), more aggregation occurred; this happened probably because the ions in 

the buffer can interact with SiNCs. The higher buffer concentration also means a higher 

ion concentration, which can interact more with SiNCs. Thus, in order to test the newly 

found condition again, we tried different concentrations of SiNCs, shown in Figure 2-

S10 and Figure 2-S11. With a higher concentration of SiNCs (10 mM), there was no 

change in diameter, no turbidity, and no NC formed clusters (Figure 2-S11). The 

situation of the lower concentration samples is very similar (Figure 2-S12). 

 

Conclusion 
In conclusion, we describe the new development of a fast dissipative reaction based on 

Grotsch’s work. Asp-SiNCs and suc-SiNCs were synthesized successfully as 

precursors in a dissipative self-assembly chemical cycle, and a series of 

characterizations were carried out. Unfortunately, asp-SiNCs were not able to 

dissipative self-assemble upon the addition of EDC, and we still need to find a proper 

condition for suc-SiNCs. 
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Chapter 3  
 

Thermally-Induced Dehydrocoupling of Thiol and 

Disulfide on the Surfaces of Polygermanes and 

Germanium Nanosheets 
 

3.1 Introduction 
Germanium nanomaterials, including quantum dots,1–3 nanowires,4 germanene,5,6 and 

germanane (GeNSs)7,8 are attractive platforms for a variety of far-reaching potential 

applications. Like other nanomaterials, many of their attractive properties (e.g., 

stability, reactivity, and processability) depend strongly on surface chemistry. 

Therefore, a variety of modification strategies, such as hydrogermylation9–11and 

dehydrocoupling,12–14 have been explored. Of late, liberating structural motifs from 

solid-state compounds (e.g., Zintl phases) has emerged as an attractive approach to 

preparing various nanosystems;15–17 this general methodology has provided access to 

two-dimensional germanium nanosheets (i.e., GeNSs)18,19 and oligo/polygermanes 

(PGs).13,20 

While GeNSs and PGs resemble other Ge nanosystems, their dimensions 

approach the atomic scale. CaGe2-derived germanane is one atom thick and routinely 

denoted as ‘(Ge6H6)n’, where “n” is very large. Often, its structure is viewed as 

interconnected Ge6 rings in ‘chair’ conformations, and its atomic arrangement is the 

same as that of the top surface of H-terminated Ge (111). CaGe-derived PG consists of 

fully hydrogenated, catenated Ge atoms, represented by an empirical formula (GeH2)n, 

where ‘n’ is very large. In both cases, the established reactivity of the Ge–H functional 

groups makes derivatization/functionalization crucial to protecting the underlying Ge 

nanoarchitecture from deleterious effects of oxidation, imparting solution 

processability as well as tailoring chemical, optical, and electronic responses.  

To date, approaches toward modifying GeNSs have included 

hydrogermylation,12,13,21 heteronuclear dehydrocoupling,22 and reactions with 

haloalkanes.23 Reactions of PGs are studied far less and are limited to 



 

 72 

hydrogermylation.13 With some limited exceptions, most of these involve tethering 

functionalities via covalent Ge–C bonds. Exploring linkages involving other 

heteroatoms (e.g., sulfur) is expected to broaden the scope of reactivity of these 

intriguing systems and offer the possibility of tuning material electronic structure. 

Reactions with sulfur-containing species (e.g., thiols, disulfides) have provided 

protection of bulk Ge surfaces from oxidation,24,25 rendered Ge nanoparticles solution 

compatible, and offer ligand exchange reactions,26 as well as imparting corrosion 

resistance to Ge nanowires.27,28 This demonstrated the versatility of the thiolation 

reaction drew our attention and motivated us to investigate thiol modification of GeNSs 

and PGs, as described herein (Scheme 3-1). 

 

 

Scheme 3-1. A pictorial representation of the Zintl phase deintercalation-based preparation and post-

synthesis thiolation of (a) polygermanes and (b) germanane. Purple spheres: Ge, blue: Ca, pink: yellow 

spheres H: sulfur atoms of ligands of choice. 

 

3.2 Materials and Methods 

3.2.1 Materials 
Germanium metal [Ge; ≥ 99.99%], calcium metal [Ca; 99%], 1-hexanethiol [HT; 

CH3(CH2)4CH2SH; 95%], 1-octanethiol [OT; CH3(CH2)6CH2SH; ≥ 98.5%], 

1-dodecanethiol [DDT; CH3(CH2)10CH2SH; ≥ 98%], and 1-cyclohexanethiol [CHT; 

C6H11SH; 97%], were purchased from Sigma-Aldrich. 1-Hexadecanethiol [HDT; 

CH3(CH2)14CH2SH; 97.0%] was obtained from Fisher Scientific. Di-n-octadecyl 

a) 

b) 
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disulfide [ODS; C36H74S2, 98%] was obtained from Alfa Aesar. All reagents were used 

as received unless specified otherwise. All organic solvents were dried using an 

Innovative Technology, Inc., Grubbs-type solvent purification system. 

 

3.2.2 Synthesis of CaGe and CaGe2 
CaGe and CaGe2 were prepared using literature procedures.8,20,29 Briefly, 

stoichiometric mixtures of Ca and Ge were pressed into a pellet, and the pellet was 

placed in an arc furnace. For both materials, the pellet was heated to 950–1050 °C, 

followed by cooling to room temperature, after which it was placed in hexane until 

further use. The resulting CaGe and CaGe2 were ground to a fine powder (i.e., granular) 

using a mortar and pestle at ambient temperature and then used in the deintercalation 

procedures outlined below. 

 

3.2.3 Synthesis of (GeH2)n 
Polygermanes were prepared from CaGe using a procedure reported previously by our 

Group.8,30 Briefly, uniformly ground CaGe powder (2.00 g; 17.8 mmol) was immersed 

fully in a mixture of acetonitrile (30 mL) and deionized water (0.960 mL; 53.4 mmol), 

cooled to -30 oC in a freezer. After 30 min, the original black solid becomes orange-

red. This orange-red solid is stable in the solvent mixture at -30 oC for up to 2 d. To 

obtain the final GeH2, the majority of the solvent mixture was decanted, and a mixture 

of concentrated hydrochloric acid and anhydrous ethanol (1:5; v:v) that had been 

previously cooled to -30 oC was added to the wet orange-red solid, mixed, and finally 

centrifuged (3000 rpm) for 5 min. The supernatant was discarded. This acid 

treatment/centrifugation was repeated once. The product of the final acid treatment was 

washed (i.e., suspended/centrifuged/isolated) with one aliquot of anhydrous ethanol (20 

mL), followed by one aliquot of dry toluene (20 mL). The resulting (GeH2)n (0.15 g, 

2.0 mmol) was suspended in dry toluene (5 mL) with a standard freeze-pump-thaw 

procedure and covered with aluminum foil until further use and characterization using 

FTIR, X-ray photoelectron (XP), and Raman spectroscopies, transmission electron 

microscopy, and diffuse reflective analysis. 
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3.2.4 Synthesis of (Ge6H6)n 
To prepare germanane, freshly prepared CaGe2 (1.00 g; 5.39 mmol) was added to a 

standard argon-filled Schlenk flask charged with -30 oC concentrated hydrochloric acid 

(100 mL). The reaction mixture was maintained at -30 °C in a freezer in subdued light 

for at least 7 d and was shaken once daily at regular intervals. Subsequently, the 

reaction mixture was filtered using a glass frit under nitrogen to obtain a solid product 

consisting of gray flakes that exhibited a metallic sheen. The flakes were washed three 

times with degassed, anhydrous acetone, followed by drying under vacuum on the 

Schlenk line. The vial containing the final product was wrapped in aluminum foil and 

stored in a nitrogen-filled glovebox until further use. The product was characterized 

using FTIR, XP, and Raman spectroscopies, transmission electron microscopy, and 

diffuse reflective analysis. 

 

3.2.5 Functionalization of (GeH2)n and (Ge6H6)n 
In a nitrogen-filled glovebox, (Ge6H6)n (10 mg; equivalent to 0.14 mmol of Ge–H) or 

(GeH2)n (10 mg; equivalent to 0.28 mmol of Ge–H), degassed dry toluene (1 mL), and 

an excess of the thiol reagent of choice (i.e., hexadecanethiol, 8 mL; 25 mmol: 

cyclohexanethiol, 8 mL; 65 mmol: octadecyl disulfide, 8 mL; 13 mmol) were loaded 

into a 20 mL Biotage® microwave tube containing a magnetic stir bar that had been 

pre-dried in a standard glassware oven at 140 °C. The reaction vessel was sealed and 

placed in a bath sonicator (Fisher Scientific FS30) for 3 h. The (Ge6H6)n and (GeH2)n 

reaction mixtures appeared dark red and pale yellow, respectively (Figure 3-S4). Next, 

this mixture was heated to 100 °C in an oil bath with stirring and was maintained at 

that temperature for 15 h. After cooling, anhydrous ethanol (10 mL) was added, 

resulting in the formation of gas bubbles. The mixture was centrifuged at 3000 rpm (5 

min) to separate unreacted (Ge6H6)n or (GeH2)n. At this point, the supernatant contained 

functionalized (Ge6H6)n or (GeH2)n. To isolate the functionalized systems, the 

supernatant was decanted to new centrifuge tubes, and toluene (10 mL) was added, 

followed by centrifugation at 3000 rpm for 30 min to provide black and orange-red 

solids. The clear, colourless supernatant was decanted and discarded, dry toluene (5 

mL) and anhydrous ethanol (20 mL) were added, and the mixture was shaken to 

resuspend the solid. Then, the solid was isolated by centrifugation (3000 rpm) for 30 
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min. This suspension/centrifugation procedure was repeated three times with 

toluene/ethanol, followed by three additional times using only dry toluene (20 mL). 

Finally, the functionalized GeNSs or PGs were dispersed in 2–3 mL of toluene and 

stored in a glovebox in subdued light. The products were characterized using FTIR, XP, 

and Raman spectroscopies, transmission electron microscopy, and diffuse reflective 

analysis. 

 

3.2.6 Material Characterization 
Fourier-Transform Infrared (FTIR) Spectroscopy. FTIR spectra were collected 

using a Thermo Nicolet Magna 750 IR Spectrometer (32 scans). FTIR samples were 

prepared by drop coating a toluene dispersion of the sample in question onto an 

electronic-grade Si-wafer and dried under air or nitrogen atmosphere. 

 

Transmission Electron Microscopy (TEM). Bright-field transmission electron 

microscopy (TEM) images were obtained using a JEOL JEM-ARM200CF S/TEM 

electron microscope operated at 200 keV. Samples were prepared by depositing a small 

drop (~0.01 mL) of a toluene suspension of the functionalized GeNSs or PGs onto a 

200-mesh carbon-coated copper grid purchased from Electron Microscopy Inc. Excess 

solvent was drawn off using standard filter paper. The grid on which the sample was 

mounted was maintained in a vacuum chamber for at least 24 h prior to image 

acquisition. High-resolution (HR) TEM images were obtained using JEOL-2200FS 

TEM-STEM operated at 200 keV. HRTEM images were processed using Gatan Digital 

Micrograph software (calibration image size) and ImageJ (measuring).  

 

X-ray Photoelectron Spectroscopy (XPS). XP spectra were acquired using a Kratos 

Axis Ultra instrument operating in energy spectrum mode. Samples were prepared by 

depositing functionalized GeNSs or PGs suspensions in toluene onto a copper foil 

substrate (thickness = 0.25 mm) and allowing it to dry. The operating chamber pressure 

was maintained at 10-7 Pa. Monochromatic Al Kα X-rays (λ = 8.34 Å) at 210 W was 

used to irradiate the sample, and the spectrum was collected with bandpass energy of 

20 eV, 0.1 eV step size, and an electron take-off angle of 90°. All high-resolution 

spectra were calibrated to the C 1s emission (C–H and C–C) of adventitious carbon 
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(284.8 eV), and a Shirley-type background was applied using CasaXPS software 

(VAMAS) to account for intrinsic loss background. Spectra were fitted using Gaussian-

Lorentzian curves considering the element-specific oxidation states and spin-orbit 

splitting parameters. The S 2p emissions were fitted to a doublet using a 1:2 peak area 

ratio with the same full-width-at-half-maximum for both components and 1.2 eV spin-

orbit splitting.31,32 The Ge 3d emission was fitted to Ge 3d3/2/Ge 3d5/2 partner lines using 

an intensity ratio of 0.68 as Ge 3d3/2/Ge 3d5/2. The spin orbit splitting was fixed at 0.6 

eV with the same full-width-at-half-maximum of all peaks. 

 

Raman Spectroscopy was performed using a Renishaw inVia Raman microscope with 

a 633 nm diode laser operating at a power of 3.98 mW. Samples were prepared by 

mounting the powders in question on a gold-coated glass slide. At least three spots were 

measured for each sample, with an integration of 5 scans on each spot and a laser power 

of 1–5%.  

 

Diffuse Reflective Analysis (DRA)Diffuse reflective analysis was measured in a Cary 

5000 UV-Vis-NIR spectrophotometer with a diffuse reflectance integrating sphere 

attachment. The grading filter and detector were changed at 900 nm. Samples were 

dried completely in a vacuum chamber for at least 24 h to get ideal powdered solid 

materials.  

 

3.3 Results and Discussion 
For the present study, functionalized polygermanes (PGs) and germanium nanosheets 

(GeNSs) were prepared from CaGe and CaGe2 precursors, respectively (Scheme 3-1). 

These Zintl phase precursors were prepared by heating stoichiometric mixtures of the 

constituent metals, and their identities were confirmed using X-ray powder diffraction 

(Figure 3-1 a,c).13,20 The established crystal structure of the CaGe Zintl phase shows 

chains of catenated Ge atoms in layers that are separated and charge balanced by Ca 

ions (Figure 3-1 c).29 In contrast, the structure of CaGe2 is made up of polyanionic Ge 

layers separated by interstitial Ca2+ ions (Figure 3-1 a).18 To liberate the respective Ge 

structures, it is necessary to remove the Ca ions. This is achieved via controlled, low 
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temperature exposure to hydrochloric acid solutions; the procedures differ for each 

Zintl precursor, as described by the following equations: 

 

                         3n CaGe2+6n HCl→(Ge6H6)n+3n CaCl2                                      (1-1) 

                              n CaGe+2n HCl→(GeH2)n+ n CaCl2                                      (1-2) 

  

and the reader is directed to the experimental section for detailed descriptions. In both 

cases, HCl-based deintercalation removes the Ca ions and protons from the acid, 

providing charge balance. Figures 3-1b and d show the X-ray powder diffraction (XRD) 

patterns of the resulting materials, which are consistent with literature reports.29,13 FTIR 

spectra (Figure 3-2) of the resulting materials show clear signatures of Ge–H bonds at 

2010 cm-1 that provide a point of attachment for further functionalization via reaction 

with sulfur-based reagents, such as thiols (i.e., R–SH; R = CH3(CH2)14CH2, C6H11) or 

disulfides (i.e., R–S–S–R; R = C18H37). 

 

 

Figure 3-1. XRD patterns of a) CaGe2, b) synthesized (Ge6H6)n, c) CaGe and d) (GeH2)n. Insets show 

corresponding illustrations of respective crystal structures, where purple spheres represent Ge atoms, 

blue spheres represent Ca atoms, and pink spheres represent H atoms. 

 

  

a) b) 

c) d) 
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Functionalization of the resulting H-terminated Ge nanomaterials was achieved 

by exposing the Ge–H system in question to an excess of the chosen thiol or disulfide 

reagent, followed by heating at 100 °C for 15 h (Scheme 3-1). This process resulted in 

a qualitative change in the solvent compatibility of the Ge nanomaterials that is 

consistent with surface modification. For PGs, this reaction provided orange materials 

that readily formed dark amber suspensions in toluene, which were stable for 1–2 d 

(Figure 3-S4 a). In contrast, reactions with GeNSs provided black materials that were 

suspended in toluene for 2–3 h (Figure 3-S4 b).  

FTIR spectroscopy allows identification of the chemical functional groups 

present in a given material, while simultaneously offering a convenient approach to 

evaluating nanomaterial surface modification and derivatization. A straightforward 

comparison of the FTIR spectra of the modified PGs (Figure 3-2 a) and GeNS 

(Figure 3-2 b) obtained from reactions of (GeH2)n and (Ge6H6) with thiols and 

disulfides shows the expected features of the target functional groups.  

 

 
 

Figure 3-2. FTIR spectra of (a) polygermanes and (b) germananes functionalized with i) hydride, 

(ii) hexadecanethiol, (iii) cyclohexanethiol, and (iv) octadecyl disulfide, respectively. Red spectra are 

neat thiol ligand and back spectra are PGs and GeNSs. 
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We also note that residual Ge–H and Ge–O related features at 2010 and 800–

960 cm-1, respectively, evident in the spectra of (GeH2)n and (Ge6H6) are not detected 

in the spectra of the functionalized systems. Furthermore, features associated with O–

H stretching and bending at ~3370 and 1630 cm-1, evident in the (GeH2)n and (Ge6H6) 

spectra and attributed to absorbed water, also are diminished.12 While one might expect 

features associated with S–H in the spectra of the starting thiol reagents, their absence 

is not surprising because these absorptions are traditionally weak. Even in the absence 

of this spectroscopic feature, surface modification is confirmed by the evolution of 

bubbles of gas that have been attributed tentatively to hydrogen formation during the 

coupling reaction.  

To gain compositional and oxidation state information for the present 

functionalized PGs and GeNSs, we employed XP spectroscopy (Figure 3-3). Survey 

spectra (Figure 3-S1) confirmed that the materials are comprised of Ge, S, C, and O. 

Turning our attention to the high-resolution spectra of the functionalized PGs 

and GeNSs, we note by examining the S 2p spectral region (Figure 3-3 b,d) that 

functionalization induces a shift of the S 2p3/2 emission to ~162.4 eV from literature 

values in the range of 163–164 eV for unbonded alkanethiols and disulfides (S 2p3/2 

163.5 eV BE);38 as expected, a similar shift to ~163.5 eV from 165.0 eV is noted for 

the S 2p1/2 component.38,39 These data are consistent with other reports of thiol 

passivation of Ge surfaces.25,28  

Figures 3-3 a and c show the Ge 3d spectra region of the high-resolution XP 

spectra of functionalized PGs and GeNSs, respectively. The XPS of the Ge 3d region 

were fitted to the Ge 3d5/2 (higher BE) and 3d3/2 (lower BE) spin-orbit couple. As 

expected, the spectra of (GeH2)n and germanane flakes show a Ge emission centered at 

29.82 eV and 29.80 eV, respectively.7, 13 After thiolation, the Ge 3d emission generally 

shifts to higher BE (~30.5 eV for functionalized PGs and ~30 eV for functionalized 

GeNSs).29 Fitted spectra show sets of doublets: the most intense doublet (orange) is 

attributed to a Ge–Ge emission; a second doublet (green) centered at ~32.0 eV for 

functionalized PGs is typical of the 31.5 eV for functionalized GeNSs and is attributed 

to Ge–S (Ge2+); finally, a third high energy doublet (blue), which is observed only in 
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the spectrum of octadecyl disulfide modified systems (Figure 3-3 c) is consistent with 

the presence of Ge(IV) species arising from limited surface oxidation.42  

 

 
 

Figure 3-3. a) Ge 3d spectra and b) S 2p spectra of hexadecanethiol (i), cyclohexanethiol (ii), and 

octadecyl disulfide (iii) terminated PGs. c) Ge 3d spectra and d) S 2p spectra of hexadecanethiol (i), 

cyclohexanethiol (ii), and octadecyl disulfide (iii) terminated GeNSs.  
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Raman spectroscopy was used to identify the nature of the Ge–Ge bonding of 

the GeNSs and polygermanes after the functionalization by monitoring the Ge–Ge 

optical phonon vibration.43 Raman spectra (Figure 3-4) show a Ge–Ge stretching 

feature, which appears at slightly lower energy (~292 cm-1) than for bulk crystalline 

Ge (~302 cm-1).43 It is reasonable to ascribe this observation to a disorder-induced 

activation of phonon density.44 The spectra also show minor tailing to lower energy 

that results from the increase of amorphous content.45 Unfortunately, no obvious Ge–

S peak is observed due to the lack of long-range ordering; Kauzlarich et al.26 also did 

not observe a Ge–S peak.  

 

 
 

Figure 3-4. a) Raman spectra of bulk Ge (black), hexadecanethiol-terminated PGs (blue), 

cyclohexanethiol-terminated PGs (green), and octadecyl disulfide-terminated PGs (red). b) Raman 

spectra of bulk Ge (black), hexadecanethiol-terminated GeNSs (blue), cyclohexanethiol-terminated 

GeNSs (green), and octadecyl disulfide-terminated GeNSs (red). 

 

Figure 3-5 shows the diffuse reflectance analysis (DRA), which provides a 

convenient determination of the material optical band gap energies. The DRA 

determined band gaps of hydride-terminated PGs and hydride-terminated GeNSs are 

2.31 eV and 1.6 eV, respectively.8,29 The DRA measurements of PGs and GeNSs reveal 

band gap increases in the order C18H36S < C6H11S ≤ C H3(CH2)14CH2S ≤ H-terminated 

PGs and GeNSs. This trend can be explained by the interplay of the ligand size and 

electron-withdrawing nature of the surface group45 since the ligands increase in size in 

the order H- > C6H11S- > CH3(CH2)14CH2S- > C18H36S-. Also, the Hammett constant 

(σp) increases in the order H- > C6H11S- > CH3(CH2)14CH2S- > C18H36S-. We note that 
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the band gap value decreases with increasing ligand electronegativity and size, a 

conclusion consistent with that of Jiang et al.45 This is because the larger and more 

electronegative ligands can strain the Ge–Ge bond or framework in a tensile fashion, 

and thus reduce band gaps. Furthermore, the unique reaction mechanism of 

functionalized Ge with -C18H36S also can expand the Ge–Ge bond and reduce band 

gaps. 

 

 
 

Figure 3-5. a) Diffuse reflectance spectra for (red) hexadecanethiol-terminated PGs, (green) 

cyclohexanethiol-terminated PGs, and (red) octadecyl disulfide-terminated PGs. b) Diffuse reflectance 

spectra for (red) hexadecanethiol-terminated GeNSs, (green) cyclohexanethiol-terminated GeNSs, and 

(red) octadecyl disulfide-terminated GeNSs. 

 

Finally, comparing the thiolated PGs and GeNSs, both show that the lack of PL 

and linear slope might indicate that both PGs and GeNSs have an indirect band gap.29 

The lack of PL also can be explained by a lot of nonradiative defect states or impurities. 

However, the band gap energy of thiolated GeNSs is closer to H-terminated GeNSs 

compared to thiolated PGs, which might indicate that thiolation surface coverage on 

the surface of GeNSs is less than on PGs. 

 

Conclusion 
In this study, we have developed versatile methods for the thiolation surface reaction 

of Ge nanosystems (i.e., PGs and GeNSs). It is the first demonstration of the 

introduction of thiol and disulfide on PGs and GeNSs surfaces via thermally-induced 

heteronuclear dehydrocoupling. We also showed the relationship between the 
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electronic structure (i.e., band gaps) of functionalized PGs and GeNSs and the 

properties of surface ligands (i.e., size and electronegativity). Generally speaking, 

ligands that are more electron-withdrawing (more electronegative) and have greater 

steric bulk (larger size) can lower the band gap. This is because of the Ge–Ge bond or 

framework expansion, which would happen easier using disulfide instead of thiol. 

Furthermore, thiolated PGs get better thiolation (higher surface coverage) than 

thiolated GeNSs because GeNSs are hard to separate during exfoliation and stay more 

in the bulk GeH compared to PGs. 
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Chapter 4 
 

Conclusions and Future Work of Thesis 
 

4.1 Thesis Summary 
Nanomaterials based upon Group 14 elements are gaining substantial attention due to 

their biocompatibility, optical and electronic properties. Surface functionalization is a 

critical aspect of nanomaterial design because it can modify their electronic, optical, 

and physical properties, possibly laying a path to designer materials. In this thesis, we 

focus on the surface chemistry of prepared SiNCs, polygermane and Ge nanosheets and 

try to change some of their properties (i.e., solubility or resistance to oxidation).  

In Chapter 2, we designed dissipative self-assembly of functionalized SiNCs 

driven by the kinetics of a dissipative reaction chemical cycle. This study builds upon 

Grotsch et al.’s work and examines how aspartic acid and derivatives of succinic acid 

can independently terminate SiNCs and produce two different types of precursors for 

the dissipative reaction cycle. A series of experiments conducted in this study 

corroborated that EDC coupling can successfully prepare the termination of SiNCs and 

discovered the combined effects of the two acids and SiNCs. Through analyzing the 

combined effects, dicarboxylic acids such as aspartic and succinic acid showcase 

assembly properties while SiNCs demonstrate the property of luminescence. On the 

condition of adding EDC to SiNCs, the type of SiNCs that aspartic acid terminated fails 

to show dissipative self-assembly, whereas the type of SiNCs that were terminated by 

succinic acid reacted partially as expected, meaning that they self-assembled only 

under specific conditions.   

In Chapter 3, we carried out the thiolation on the hydride-terminated 

polygermane and Ge nanosheets to produce Ge–S bonding by simply heating the 

reaction with thiols and disulfide. Upon reaction, the Ge–H bonds were consumed, and 

C–H and C–S vibration modes were observed in FTIR spectra. After that, XPS, Raman 

spectra, and DRA were carried out to confirm the thiol-termination. 
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4.2 Outlook: Amination on the Ge Surface 
Surface functionalization of the germanium nanomaterials remains an attractive area of 

investigation. Building on the thiolation investigation outlined in Chapter 3, amination 

emerges as an attractive target that has been applied to some Ge-based nanomaterials, 

with the formation of Ge–N bonds.1–3 Different germanium surfaces have been 

functionalized previously for different purposes. Bent et al. functionalized the clean Ge 

(100)-2×1 surfaces with amines (i.e., ethylamine and aniline) in order to modify the 

material’s activity and electronic properties in the semiconductors.1 Tilley et al. 

prepared amine-terminated (i.e., allylamine) germanium nanocrystals to improve their 

stability and water solubility for cell imaging (Figure 4-1).2 After that, Carolan and 

Doyle also terminated Ge nanocrystals with an amine to change their optical properties 

(i.e., luminescence), compared to different functional groups (CH3, OH, COOH, C6H5, 

C5H4N, and C4H3S).3  

  

 
 

Figure 4-1. FTIR spectra of a) comparison between pure GeNS, propylamine and propylamine 

terminated GeNS, b) comparison between pure GeNS, dipropylamine, and dipropylamine terminated 

GeNS, c) comparison between pure GeNS, phenethylamine, and phyenethylamine terminated GeNS, 

and d) comparison between pure GeNS, ethylhexylamine, and ethylhexylamine terminated GeNS. 
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Herein, we present preliminary data involving reactions of GeNSs with primary 

(–NH2), aromatic, and secondary amino groups (–NHR). These data suggest that 

amination reactions can occur in the temperature range of 60–150 °C. Following 

amination on GeNSs, the FTIR spectra of the amine-functionalized NSs show the 

concomitant appearance of v(C–H)asym features at 2852 cm-1 from both primary amine 

and secondary amine and the loss of v(Ge–H) at 2001 cm-1 and N–H related features at 

775 cm-1 and 3281/3410 cm-1.4 We also note that the adsorbed water v(O–H) feature at 

3400 cm-1 in the spectrum of GeNS is diminished substantially in the spectrum of 

functionalized GeNSs. This is explained, possibly, by the fact that the outer layers of 

the Ge–H flakes are oxidized and are removed during purification because of the 

limited compatibility with non-polar media.5  

At this point, FTIR can reveal only information about the surface functional 

groups but cannot indicate the GeNS itself. Thus, in future experiments, further 

characterization is required, including XPS (Ge 3d and N 1s), Raman spectra, and DRA. 

Given the demonstrated reactivity of amines with GeNSs, it is also advisable to explore 

their reactions with polygermanes.  
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Appendix A : Dissipative Self-assembly of 

Dicarboxylic Acid Functionalized SiNCs 
 

 

 
 

Figure 2-S1. The apparatus for HSQ synthesis. 
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Figure 2-S2. Ideal activation and self-assembly pathway of dicarboxylic acid functionalized SiNCs in 

aqueous solution. 

 

 
 

Figure 2-S3. Plot of the pH value vs. volume of titrant (0.01 M HCl) for a) asp-SiNCs and b) suc-

SiNCs. The blue curves represent the observed values, the red markers represent the calculated values 

by HySS 2009. Upon the fit, pKa of the asp-SiNCs is a) 5.5 suc-SiNCs is and b) 5.5. 
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Figure 2-S4. FTIR spectrum of hydride-terminated SiNCs. 

 

 
 

Figure 2-S5. 1H NMR spectrum of (RS)-2-[2-aminoethyl] butandioic acid, hydrochloride. 

δ(ppm) = 2.97–3.09 (m, 2 H), 2.83–2.91 (m, 1 H), 2.71 (A of ABX, J = 17.2, 7.8 Hz, 1 H), 2.56 (B of 

ABX, J = 16.8, 5.8 Hz, 1 H), 1.99– 2.08 (m, 1 H), 1.84–1.93 (m, 1 H). This result is consistent with 

Zacharie et al.19   
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Figure 2-S6. (a) UV Absorption and (b) PL of the aspartic acid and succinic acid-terminated SiNCs. 

 

a) 

b) 
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Figure 2-S7. Bright-field TEM of undecanoic acid and allyloxy poly(ethylene oxide)methyl ether 

terminated water-soluble SiNCs. The mean diameter in the images is 4.18 ± 1.1 nm. Unfortunately, 

attempts to  image the asp-SiNCs and suc-SiNCs were unsuccessful, which can be explained by the 

surface dicarboxylic acid crosslinking.17   

 

 
 

Figure 2-S8. Typical PL-emission (λex = 365 nm) of freeze-dried asp-SiNCs and suc-SiNCs in a vial.  

 

Asp-SiNCs Suc-SiNCs 



 

 117 

 
 

Figure 2-S9. (a) Hydrodynamic diameter and (b) count rate of suc-SiNCs in MES buffered aqueous 

solution obtained by DLS.  

 

 
 

Figure 2-S10. (a) Hydrodynamic diameter and (b) count rate of suc-SiNCs in MES buffered aqueous 

solution with different pH values and concentrations obtained by DLS. 

 

 

 

 

 

b) a) 

b) a) 
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Figure 2-S11. (a) Hydrodynamic diameter and (b) count rate of 10 mM suc-SiNCs in 25 mM, pH 7 

MES buffered aqueous solution obtained by DLS. 

 

 
 

Figure 2-S12. (a) Hydrodynamic diameter and (b) count rate of 5 mM suc-SiNCs in 25 mM, pH 7 

MES buffered aqueous solution obtained by DLS. 

 

 
 

Figure 2-S13. Synthesis of SiNCs via thermal disproportionation of hydrogen silsesquioxane (HSQ), 

and one-step synthesis of water-soluble SiNCs.25 

 

a) 

a) b) 

b) 
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Figure 2-S14. Synthesis of asp-SiNCs EDC coupling with water-soluble SiNCs.  

 

  
 

Figure 2-S15. Synthesis of suc-SiNCs EDC coupling with water-soluble SiNCs.  

 

 
 

Figure 2-S16. Scheme of the chemical reaction cycle developed by Grötsch et al. Carboxylate  

functionalized SiNCs reacted with EDC and NHS to convert to a transient NHS ester.14 

 

The surface coverage of functionalized SiNCs based on TGA weight loss calculation: 

% 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒

=
% 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠

% 𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠
× 100 ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ (2 − 𝑆1) 
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% 𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠

=
𝐿𝑖𝑔𝑎𝑛𝑑𝑠 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 

𝐿𝑖𝑔𝑛𝑎𝑑𝑠 𝑎𝑛𝑑 𝑆𝑖𝑁𝐶𝑠 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 ⋯ ⋯ (2 − 𝑆2) 

𝑆𝑖𝑁𝐶𝑠 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

=
𝑁(𝑆𝑖) × 𝑀(𝑆𝑖)

𝑁𝐴
⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ (2 − 𝑆3) 

𝐿𝑖𝑔𝑎𝑛𝑑𝑠 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

=
𝑁(𝐿) × 𝑀(𝐿)

𝑁𝐴
⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ (2 − 𝑆4) 

Where, N (Si) = Total number of silicon atoms per NC 

N (L) = Total number of ligands per NC surface 

M (Si) = Molar mass of Si 

M (L) = Molar mass of ligand 

NA = Avogadro number 

Thus, 

%𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠

=
𝑁(𝐿) × 𝑀(𝐿)

𝑁(𝐿) × 𝑀(𝐿) + 𝑁(𝑆𝑖) × 𝑀(𝑆𝑖)
× 100 ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ (2 − 𝑆5) 
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Appendix B: Thermally-Induced 

Dehydrocoupling of Thiol and Disulfide on the 

Surfaces of Polygermanes and Germanium 

Nanosheets 
 

 

 
 

Figure 3-S1. Survey XP spectra of (a) polygermanes and (b) germananes functionalized with 

(i) hexadecanethiol, (ii) cyclohexanethiol, and (iii) octadecyl disulfide, respectively. 
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Figure 3-S2. FTIR spectra of (a) hexanethiol, (b) octanethiol and (c) dodecanethiol functionalized PGs. 

Red spectra are neat thiol ligand, purple spectra are PGs, and green spectra are functionalized PGs. 

 

 
 

Figure 3-S3. HAADF-STEM images with mapping of cyclohexanethiol functionalized a) GeNSs and b) 

PGs.  

 

 

 

 

 

 

 

 

 

 

a) b) b) 
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Figure 3-S4. Photograph of (a) GeNSs and (b) PGs in toluene.  

 

 
 

Figure 3-S5. Photograph of functionalized (a) GeNSs and (b) PGs in toluene.  

 

 


