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Abstract 

Nanodiamonds (NDs) containing negatively charged group IV-vacancy (G4V⁻) 

centers—silicon-vacancy (SiV⁻), germanium-vacancy (GeV⁻), and tin-vacancy (SnV⁻) 

centers—have shown promising potential as fluorescent markers for bioimaging and 

biosensing, and single-photon sources for quantum information processing. The interest in 

these applications is mainly due to their small particle size and excellent optical properties. 

Although many studies have been conducted on the G4V⁻ center-containing NDs (G4V-

NDs), there are still two fundamental challenges left unanswered for their practical 

applications: (i) their production scale has been limited to the laboratory one; (ii) little is 

known about the effect of these small particle sizes on their optical properties. To address 

these challenges, this dissertation focused on a detonation process that produces NDs with 

an average particle size of 4–5 nm through the detonation of explosives. The simplicity of 

the process enables the production of detonation nanodiamonds (DNDs) in large quantities 

(tens or hundreds of tons per year) at low cost. The first purpose of this dissertation is to 

demonstrate the G4V-NDs synthesis by the detonation process (hereinafter referred to as 

“G4V-DNDs”) through elucidating a formation mechanism of DND at the molecular level 

and then dopants selection. Since the produced G4V-DNDs are the smallest NDs, the G4V⁻ 

centers in DNDs are sensitive to the particle size effects. The second purpose of this 

dissertation is to reveal the optical properties of the G4V⁻ centers in DNDs and the particle 

size effects on them. 

In Chapter 1, the background of this study was introduced: the optical properties of 

the G4V⁻ center originating from its structural feature, previous production techniques of 
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the G4V-NDs, the detonation process, and the challenges for the practical applications of 

G4V-NDs. Through these introductions, I presented the strategy for addressing the 

challenges and the purposes of this dissertation. To implement the strategy, the detonation 

processes and time-resolved spectroscopy were essential and were mainly used in this 

dissertation. These experimental methods were described in Chapter 2.  

In Chapter 3, an investigation of the DND formation mechanism during the 

detonation reaction was described. This study employed the time-resolved spectroscopic 

measurements of the detonation emission and a reactive molecular dynamics simulation of 

the explosive molecules. They revealed that atomic carbons (C1) and six-membered ring 

carbons (C6) species produced from the explosive molecules were observed as intermediate 

species of the DND formation. Hence, C1- and C6-mechanisms were proposed in which the 

C1 and C6 species function as building blocks for the DND formation, respectively. In 

addition, tetrakis(trimethylsilyl)silane (TTS) and triphenylsilanol (TPSOH) were selected 

as silicon dopants corresponding to the proposed C1- and C6-mechanism for a synthesis of 

the SiV⁻ center-containing DNDs (SiV-DNDs), respectively. 

In Chapter 4, the detonation processes using explosives with individually added 

TTS and TPSOH selected in Chapter 3 were explained. The TTS or TPSOH-containing 

explosives produced DNDs with an average particle size of 7 nm (hereinafter referred to 

as “TTS- or TPSOH-DNDs”). To investigate the SiV⁻ center creation, photoluminescence 

(PL) measurements were carried out for the two types of DNDs. Only the PL spectrum of 

the TPSOH-DNDs exhibited luminescence corresponding to the SiV⁻ center at 1.68 eV. 

Hence, the SiV-DNDs were successfully synthesized via the detonation process using the 

aromatic compound TPSOH as the dopant. Moreover, the behaviors of TTS and TPSOH 
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during the detonation reaction were investigated by time-resolved spectroscopic 

measurements of the detonation emission from the explosives with TTS or TPSOH. 

According to the time-resolved spectra, the achievement of the SiV-DNDs synthesis could 

be explained by the C6-mechanism and aromatic structure of TPSOH.  

In Chapter 5, the trials of the GeV⁻ or SnV⁻ centers-containing DNDs (GeV- or 

SnV-DNDs, respectively) synthesis by the detonation process using aromatic molecules as 

dopants, including group IV atoms centered on tetraphenyl compounds, were reported. In 

addition, the SiV-DNDs fabrication has been accomplished in Chapter 4 and was also 

resynthesized in this chapter to compare generated concentrations of the GeV- and SnV-

DNDs produced under the same conditions. The successful syntheses of the SiV- and GeV-

DNDs were evidenced by PL spectra with zero-phonon lines (ZPLs) attributed to these 

color centers. However, as a result of the same strategy, the SnV-DNDs were not obtained 

in detectable concentrations in the PL measurements. When the generated concentrations 

of the SiV- and GeV-DNDs synthesized under identical conditions were evaluated based 

on the number of data points that clear ZPLs were observed on the PL mappings, the SiV-

DNDs were found to be produced more predominantly than the GeV-DNDs. The successes 

and limitations of the direct G4V-DND synthesis were explained by the difference in 

thermodynamics for each dopant during the detonation reactions. 

In Chapter 6, the optical properties of the SiV⁻ and GeV⁻ centers in DNDs were 

described. The luminescence from the SiV⁻ and GeV⁻ centers in DNDs have broader 

linewidth and smaller Debye-Waller factor compared with those of typical SiV⁻ and GeV⁻ 

centers in bulk-sized diamonds. Furthermore, the SiV⁻ centers in DNDs exhibited a shorter 

lifetime than that of typical ones. The differences in their optical properties were discussed 
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in the effect of extremely small particle size, ~10 nm, on the electronic state of these G4V⁻ 

centers and the inhomogeneity of the G4V-DNDs derived from the detonation process. In 

contrast, the fundamental properties of these G4V⁻ centers, such as photostability, do not 

change.  

In Chapter 7, a general conclusion was given. The SiV- and GeV-DNDs syntheses 

were demonstrated by the detonation process using aromatic compounds including the 

group IV atoms as dopants. Subsequently, the optical properties of the SiV⁻ and GeV⁻ in 

DNDs were revealed by systematic spectroscopic investigations. These achievements 

contribute to the practical application of the G4V-DNDs as fluorescent markers and single-

photon sources. 
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Chapter 1. General introduction 

1.1 Nanotechnology for advances in medical and quantum fields 

Nanotechnology is considered to be one of the most important technologies of the 

21st century. Approximately 18 billion USD had been invested globally in nanotechnology 

by national and local governments as of the end of 2005 [1]. Recent intensive research and 

investment in nanotechnology have provided countless nanomaterials [2, 3], nanodevices 

[4, 5], and nanosystems [6, 7] that have triggered technological innovations in various 

fields. The medical field has been one of the greatest beneficiaries of nanotechnology. Its 

prime example is likely to improve the use of fluorescent markers for diagnostic and 

screening purposes [8, 9]. The most widely used fluorescent markers today are organic 

dyes, which have non-ideal properties in this application as follows: (i) their luminescence 

is blinking and bleaching; (ii) their luminescence intensity is sensitive to surrounding 

environments such as pH, temperature, and solvents [10–12]. To improve such aspects of 

the organic dyes, nanotechnology has provided quantum dots (QDs) [12, 13]. They are 

semiconductor nanocrystals and show broad absorption characteristics with narrow 

luminescence spectra that are continuous and tunable because of quantum size effects [14]. 

In comparison with organic dyes, the QDs exhibit non-bleaching luminescence [15, 16]. 

These valuable properties make them promising alternatives to organic dyes [17, 18]. 

However, their implementation as fluorescent markers has been hampered by their blinking 

luminescence [12, 19]. In addition, the core of most QDs is composed of Cd known to be 

toxic, which also cannot be ignored for their practical use [20, 21]. Given the background 

above, the ideal fluorescent markers are still being searched for today. Figure 1.1 shows 
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the number of publications per year from Google Scholar with the topic “fluorescent 

markers.” The ever-increasing number of articles since 2000 indicates the high interest in 

fluorescent makers. In the course of these studies, color center-containing nanodiamond 

(ND) particles—namely, fluorescent nanodiamond (F-ND) particles—have been newly 

proposed as candidates for ideal fluorescent markers [10, 22, 23]. The color centers in 

diamond structures act like isolated molecules in a solid host. There are more than 500 

types of color centers [24], which emit bright luminescence in the visible to near-infrared 

region corresponding to their structures [25]. The interest in the F-NDs as fluorescent 

markers stems from their small particle size capable of entering living cells, 

biocompatibility originating from a diamond structure, and distinguished optical properties 

such as non-bleaching luminescence [26, 27]. The greatest advantage of the F-NDs in 

contrast to the QDs is their non-blinking luminescence [10, 26]. Hence, the F-NDs are 

nanomaterials with the potential to create next-generation medicine through higher-

precision bio-imaging and -sensing. Another representative field that has benefited from 

nanotechnology is quantum application. In particular, developments in quantum 

information processing (QIP) and quantum computing (QC) have been spectacular [28, 29]. 

QIP and QC have each received billions of USD in investments over the past several years 

[30–32]. The realizations of these applications require not only innovations in both 

software and hardware but also the development of nanomaterials such as single-photon 

sources and quantum bits. As promising candidates as nanomaterials for these quantum 

applications, the F-NDs are also being actively studied [25, 33]. 
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Figure 1.1 – Number of publications per year with topic “fluorescent markers.” This 
source is Google Scholar using the keywords: “fluorescent marker” AND imaging OR 
sensing. 

1.2 Color centers in diamonds 

The F-NDs exhibit photoluminescence (PL) dependent on the color centers which 

are molecular-like defects in diamonds. Electronic transitions of the PL can be modeled by 

Frank-Condon (FC) principle which postulates Born-Oppenheimer approximation, as 

illustrated in Figure 1.2 [34, 35]. In this model, adiabatic potential energy surfaces (APESs) 

of electronic ground and excited states (GS and ES, respectively) are represented as 

harmonic oscillator potentials with equally spaced phonon energy levels (diamond lattice 

vibrational levels) indicated by black horizontal lines [36, 37]. Although the two APESs 

may have different shapes or effective phonon modes, they are assumed to be identical 

oscillators except for configuration coordinate 𝜉 positions at their minimum energies. The 

𝜉 shift between the oscillators visualizes a change in electron cloud distributions of the 

color center in the diamond lattice accompanying their electronic transitions, namely, 
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nuclear position changes of their equilibrium structures corresponding to the electronic 

states. However, the electronic transition is vertical in Figure 1.2 because the FC principle 

approximates that electron transitions are sufficiently fast compared with the nuclear 

motions [37–39]. In addition, the probability of the electronic transition between GS and 

ES involving the phonons is proportional to the square of overlap integral between the 

vibrational wavefunctions (orange curves in Figure 1.2) of initial and final states. In the PL 

process of optical absorption and emission, electrons excited from GS to ES undergo non-

radiative transitions between the phonon energy levels, reaching the lowest phonon energy 

level of ES (𝜈ᇱ ൌ 0, in Figure 1.2) and then returning to one of the phonon energy levels 

of GS (𝜈 ൌ 0, 1, 2⋯, in Figure 1.2) with radiative transitions. These radiative transitions 

are recorded in a PL spectrum, as emission lines. The radiative transition without phonon 

(𝜈ᇱ ൌ 0 → 𝜈 ൌ 0, a green arrow in Figure 1.2) is observed as a prominent peak in the 

spectrum designated zero-phonon line (ZPL). Other radiative transitions with phonons 

(𝜈ᇱ ൌ 0 to 𝑣 ൌ 1, 2⋯, red arrows in Figure 1.2) also theoretically show peaks in the 

spectrum. However, they are sometimes not individually identifiable and form a continuous 

emission band, phonon sideband (PSB), on the low energy side of the ZPL because the 

acoustic phonons are continuous in a real crystal [39]. Since the adiabatic absorption 

process also involves electronic transitions between the same levels as the emission process, 

the absorption spectrum has a mirror image of the emission spectrum [36]. 
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Figure 1.2 – FC principle for absorption and emission processes of a color center in 
diamond. APESs of GS and ES are denoted as black parabolas for harmonic 
oscillators. Horizontal black lines and orange curves represent phonon energy levels 
(diamond lattice vibrational levels) and their vibrational wavefunctions, respectively. 
Vertical absorption (𝝂 = 0 → 𝝂ᇱ = 0) is shown in a blue arrow. Green and red arrows 
indicate transitions corresponding to ZPL (𝝂ᇱ = 0 → 𝝂 = 0) and PSB (𝝂ᇱ = 0 → 𝝂 = 1, 
2, and 3), respectively. Inset in this figure shows a shift in equilibrium position of 
oscillators between GS and ES, as indicated by ∆𝝃. 

One of the main properties of ZPL is the exponential dependence of its relative 

integrated intensity on temperature [35, 40, 41]. The ratio of the intensity of the ZPL (𝐼୞୔୐) 

to the total emission intensity (𝐼୘୭୲ୟ୪, sum of ZPL and PSB) is given by the expression 

 𝐼୞୔୐
𝐼୘୭୲ୟ୪

ൌ expሾെ𝑆ሺ𝑇ሻሿ , (1.1) 

 𝑆ሺ𝑇ሻ ൌ෍𝑝௦ሺ2𝑛ത௦ ൅ 1ሻ
௦

 , (1.2) 
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where the 𝑆, 𝑝௦, and 𝑛ത௦ denote Huang-Rhys factor (HRF), the dimensionless Stokes loss 

expressed in the number of phonons, and the thermal expectation value of the occupation 

number of the oscillator, respectively. The subscript 𝑠  of the 𝑝௦  and 𝑛ത௦  distinguishes 

between multiple phonon modes that generally contribute to the emission process in a real 

crystal. The 𝑝௦ and 𝑛ത௦ is expressed by 

 
𝑝௦ ൌ

𝑚௦𝜔௦ଶ∆𝜉௦ଶ

2ℏ𝜔௦
 , (1.3) 

 
𝑛ത௦ ൌ ൤exp ൬

ℏ𝜔௦
𝑘୆𝑇

൰ െ 1൨
ିଵ

, (1.4) 

where the 𝑚௦ and 𝜔௦ are the effective mass and angular frequency of the 𝑠-th oscillator, ℏ 

and 𝑘୆ are Dirac and Boltzmann constants, 𝑇 is absolute temperature, ∆𝜉௦ is a shift in the 

equilibrium position of the oscillators between GS and ES as shown by ∆𝜉 in the inset of 

Figure 1.2, respectively. Since 𝑛ത௦ is a function of 𝑇, the HRF (𝑆) depends on temperature. 

Moreover, 𝑆 characterizes the electron–phonon coupling strength of the color center and 

diamond lattice; small 𝑆  representing the weak electron–phonon coupling gives large 

𝐼୞୔୐/𝐼୘୭୲ୟ୪ which is evaluated as Debye-Waller factor (DWF) by the PL spectrum. Hence, 

it is essential to evaluate ZPL and DWF experimentally to understand the optical properties 

of F-NDs. 

Among the color centers discovered thus far, the most investigated one is a nitrogen-

vacancy (NV) center [42–44], which consists of a nitrogen atom substituting a carbon atom 

in a diamond lattice adjacent to a vacancy with C3v symmetry [45, 46], as shown in 

Figure 1.3a. Neutral and negatively charged NV centers, NV0 and NV⁻, exhibit ZPLs at 
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2.16 and 1.95 eV [47], respectively. Since the ZPL of the NV⁻ center is spin-state 

dependent and its electron spins can operate under even ambient conditions, the ND 

containing the NV⁻ center is auspicious for application as quantum bits [48, 49]. In addition, 

the NV0 and/or NV⁻ centers-containing NDs have also been studied for applications as 

fluorescent markers and single-photon sources, as their ZPLs are drawing attention 

[23, 42, 50]. However, both NV centers have been found not to be ideal materials for 

fluorescent markers and single-photon sources because their luminescence is spread over 

a large PSB with only ~4% present in the ZPLs at room temperature (~4% of DWF) due 

to their large electron–phonon coupling [51, 52], as shown in Figure 1.3b. Thus, 

researchers have investigated other color centers.  

  

Figure 1.3 – (a) Structure of NV center in diamond lattice. Gray, white, and purple 
balls denote carbon atoms (C), a carbon vacancy (V), and a nitrogen atom (N), 
respectively. (b) PL spectrum of NV center in bulk-sized diamond. Small peaks at 
2.16 and 1.95 eV are ZPLs of NV0 and NV⁻ centers, respectively (Adapted from Ref 
[42]). 

Nowadays, negatively charged group IV-vacancy (G4V⁻) centers—silicon-vacancy 

(SiV⁻), germanium-vacancy (GeV⁻), tin-vacancy (SnV⁻), and lead-vacancy (PbV⁻) 

centers—have become widely known as a new class of color centers [52–54]. The G4V⁻ 
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center has a split-vacancy configuration, in which a group IV atom (Si, Ge, Sn, and Pb) is 

located between two carbon atom vacancies in a diamond lattice with D3d symmetry, as 

shown in Figure 1.4a [51, 55–57]. This D3d geometry forms an inversion symmetric 

potential for electronic orbitals [52, 58, 59]. As shown in Figure 1.4b, the electronic 

structure of the G4V⁻ center has GS (2Eg) and ES (2Eu) states that both have double orbital 

degeneracy. Without magnetic fields, the orbital degeneracy is lifted by spin-orbit 

interaction and dynamic Jahn-Teller interaction, producing a pair of split GS and ES. Each 

ES has dipole transitions to the two GS (A, B, C, D in Figure 1.4b). The emissions caused 

by the four dipole transitions cannot be separated unless they are measured at cryogenic 

temperatures. As a result, their emissions are usually observed as a single ZPL peak as an 

ensemble of them, as shown in Figure 1.4c. The ZPL positions of the G4V⁻ centers as the 

ensemble are summarized in Table 1.1. The luminescence concentration at the ZPLs due 

to their small electron–phonon coupling is in stark contrast with that of the NV centers. 

The reason for these excellent optical properties is that the G4V⁻ center is largely insulated 

from the diamond structure and the phonons by its split-vacancy structure with inversion-

symmetric configuration and thus has a weak electron–phonon coupling [60]. In addition, 

the ZPLs peak positions of the G4V⁻ centers have shown good temperature sensitivity, as 

follows. The SiV⁻, GeV⁻, and SnV⁻ centers have shown temperature sensitivity down to 

0.36, 0.30, and 0.50 K Hz⁻1/2 around room temperature, respectively [61–63]. The optical 

properties of the G4V⁻ centers are suitable for the fluorescent markers for bio-imaging/-

sensing and single-photon sources for QIP. Note that all the above values were observed 

from the G4V⁻ centers in bulk-sized diamonds. The optical properties of the G4V⁻ centers 

in NDs have not yet been adequately investigated. 
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Figure 1.4 – (a) Split-vacancy structure of G4V center. Gray, white, and pink balls 
denote carbon atoms (C), carbon vacancies (V), and a group IV atom (IV), 
respectively. Group IV atom (IV) lies between two carbon vacancies. (b) Electronic 
structure and optical transitions (A, B, C, D) of G4V⁻ center. (c) PL spectra of G4V⁻ 
centers in bulk-sized diamonds (Adapted from Ref [52]).  

Table 1.1 – Properties of ZPLs of G4V⁻ centers in bulk-sized diamonds at room 
temperature [52, 64, 65]. 

G4V⁻ center ZPL [eV] FWHMa) [meV] DWF 

SiV− 1.68 ~11.4  ~0.7 

GeV− 2.06 ~17.1 ~0.6 

SnV− 2.00 ~19.4 ~0.6 

PbV− 2.25b) and 2.26c) 12.6b) and 14.1c) Not known 
      a) Full-width at half-maximum; b) corresponding to the transitions C in Figure 1.4b; 

c) corresponding to the transitions D in Figure 1.4b. 
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1.3 Synthesis techniques of group IV-vacancy center-containing nanodiamonds 

Synthesis studies of the G4V⁻ center-containing ND (G4V-ND) particles have been 

conducted in preparation for their applications as fluorescent markers and single-photon 

sources. These synthesis strategies employ techniques developed for producing bulk- and 

micro-sized diamonds containing the G4V⁻ centers: high-pressure–high-temperature 

(HPHT), chemical vapor deposition (CVD), and ion implantation techniques.  

The HPHT technique is a practical process for producing micron- and submicron-

sized diamond particles widely used in the abrasives industry [66, 67]. HPHT diamonds 

are obtained from graphitic precursors under 5–6 GPa pressures and 1600–1900 K 

temperatures in a hydraulic press in the presence of metal solvents (also called catalyst: Fe, 

Ni, and/or Co), driven by the solubility difference between graphite and diamond phases 

in the solvent. In 1996, Sittas et al. reported the fabrication of 3 mm-sized diamonds 

containing the SiV⁻ centers using an HPHT system with Si in the metal solvent [68]. This 

success raised hopes for an industrial-scale fabrication of the SiV⁻ center-containing NDs 

(SiV-NDs) by the HPHT technique. However, there has been no active synthetic study on 

the SiV-NDs by this technique since their report. The reason is that it is difficult to keep 

the diamond size on the nanoscale by this technique owing to the high growth rate of the 

diamonds originating from high diffusion mobility of carbons in the metal solvent [69]. 

Therefore, the G4V-NDs fabrication by HPHT technique employed another strategy to 

obtain the diamonds directly converting solid organic compounds without the metal solvent. 

According to each publication in 2019, the SiV-NDs and GeV⁻ center-containing NDs 

(GeV-NDs) were fabricated in laboratory scales. Bolshedvorskii et al. created 10 nm-sized 

SiV-NDs from a mixture of naphthalene (C10H8) and tetrakis(trimethylsilyl)silane 
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(C12H36Si5) under 8 GPa and 1300–1400 K [70]. Furthermore, Ekimov et al. fabricated 

50 nm-sized GeV-NDs from adamantane (C10H16) with tetraphenylgermane (C24H20Ge) 

under conditions of 8–9 GPa and 1500–1900 K [69].  

The CVD technique involves thermal or plasma dissociations of a mixture gas of 

carbon-containing compound and hydrogen followed by carbon deposition, resulting in the 

epitaxial growth of diamond crystals on a substrate under atmospheric pressure [71, 72]. 

Methane (CH4) is mainly used as the carbon-containing compound, only needed to supply 

carbon atoms. The roles of hydrogen are to terminate dangling carbon bonds on the surface 

of the diamond layer or diamond nucleus and to prevent growth of graphite [73]. The CVD 

technique provides polycrystalline or single-crystalline diamonds. This is an unparalleled 

technology that can produce large-area diamond thin films or wafers for diamond 

electronic devices [74]. These CVD diamonds usually contain Si atoms as impurities owing 

to etching of the silicon substrates and CVD chamber walls [75]. Because Si atoms 

incorporated during the CVD growth process combine with vacancies in situ, SiV⁻ centers 

are generally observed in CVD diamonds. In 2011, Neu et al. prepared the SiV-NDs with 

sizes of 70–80 nm by crushing the CVD polycrystalline diamond film containing the SiV⁻ 

centers [76]. Controlled Si or Ge doping in the CVD process has also been known via 

adding monosilane (SiH4) or monogermane (GeH4) to CH4/H2 reaction gas [77, 78]. 

Romshin et al. reported the direct fabrication of 500 nm-sized SiV-NDs using the 

CH4/H2/SiH4 system [79]. Furthermore, Westerhausen et al. demonstrated that GeV-NDs 

and SnV⁻ center-containing NDs (SnV-NDs) of several hundred nanometers were 

fabricated by a CVD process using germanium dioxide (GeO2) and tin dioxide (SnO2) as 
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heteroatomic solid sources which are ionized by microwave plasma and then incorporated 

into the diamond growth process, respectively [80].  

The ion implantation is a proven technique to introduce various types of color centers 

into bulk-sized diamonds [81–84]. In creation of the G4V⁻ center by this technique, the 

diamond is irradiated with a beam of ionized group IV atoms and then post-annealing 

treatment to couple the group IV atom and carbon vacancies. By this technique, SiV-NDs 

preparations have been reported several times since the 2010s [85, 86]. It may be worth 

mentioning here that the PbV⁻ center formation in a bulk-sized diamond by the ion 

implantation technique was reported by Wang et al. in 2021 [87]. This was the first 

successful creation of a diamond containing the PbV⁻ center, which could be evaluated 

optical properties of the PbV⁻ center. This success is expected to enable the fabrication of 

the currently undiscovered NDs containing the PbV⁻ centers.  

As summarized above, many fabrication techniques for the G4V-NDs have been 

reported, significantly contributing to the G4V-ND community. Based on these successes, 

the G4V-NDs synthetic research is taking the next steps toward their practical application, 

focusing on the following two points. The first point is productivity. The HPHT production 

of G4V-NDs by direct conversion of solid organic compounds has been reported only on 

the laboratory scale. The direct conversion method is not recognized as the industrial ND 

manufacturing process in contrast to the method using the metal solvent (including bulk-

sized diamond production) [66]. In the CVD production, according to an estimate by 

Shenderova et al. in 2019 [67], only ~0.01 mg of 100 nm-ND particles can be obtained in 

one cycle of the CVD diamond production (typically ~1  h). Although there are ND 

production methods to crush bulk-sized diamonds, their multi-step process involving 
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crushing and additional purification would limit productivity. To achieve mass production 

of the G4V-NDs, the inherently ND production scale of those technologies must be 

increased. This point is common in the ion implantation technique that uses the HPHT- or 

CVD-ND as raw materials. The second point is particle size. The G4V-NDs, as fluorescent 

markers and single-photon sources, can only reach their full potential at particle sizes as 

small as single-digit nanometers. When the G4V-NDs are administered to the body as 

fluorescent markers, the extremely small particle size can significantly reduce their 

accumulation in the kidneys [10]. Moreover, single-digit nanometer-sized G4V-NDs can 

move into living cells through their membranes since their small particle size is comparable 

to the size of typical biomolecules such as proteins [88, 89]. In the application of single-

photon sources, the extremely small particle size increases the integration density of the 

G4V-ND in devices. While the fabrication method of SiV-ND by the CVD diamond 

crushing has been reported, its particle size seems to be limited to 70–80 nm [90]. At the 

present time, a synthetic method that combines industrial-scale productivity with single-

digit nanometer particle size has not yet been found. 

1.4 Detonation process for mass production of group IV-vacancy center-

containing nanodiamonds 

For the practical applications of the G4V-NDs, researchers have attracted attention 

to a detonation process. This technology is widely known to provide detonation NDs 

(DNDs) of 4–5 nm size on an industrial scale with tens or hundreds of tons per year at low 

cost (the scale estimated by Danilenko) [91–93]. This section describes the detonation 

process and then presents the SiV-NDs synthesis by this process. 
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Detonation is a supersonic combustion phenomenon with a detonation wave 

propagating in the condensed (solid or liquid) explosive (gaseous detonation is outside the 

scope of this dissertation) [94–96]. The detonation wave is characterized by coupling a 

shock wave with an exothermic chemical reaction front behind it [97]. The shock wave at 

the detonation wave surface causes adiabatic compression of the explosive and subsequent 

chemical decomposition, resulting in the release of enormous amounts of energy from it in 

a fraction of a microsecond [98]. The detonation process using solid explosives is the 

technique for in-situ synthesis of the DNDs in the detonation phenomenon, which was 

developed in the Union of Soviet Socialist Republics in the 1960s [99]. The raw material 

for the DNDs is an explosive such as a mixture of 60 wt% 2,4,6-trinitrotoluene (TNT) and 

40 wt% 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) whose chemical structures are shown 

in Figure 1.5a [90, 91]. The mixed explosive serves as carbon and energy sources for the 

diamond formation. The negative oxygen balance of the mixed explosive allows an 

appearance of free carbons in the decomposition reaction according to the formula: 

 
. (1.5) 

The free carbons condense to form the diamond structures. The detailed DND formation 

mechanism was proposed by Danilenko as follows [90, 91]. Figure 1.5b indicates a 

pressure-temperature phase diagram for nanocarbon. At the nanoscale, the diamond–

graphite–liquid triple point is shifted to lower temperatures because Gibbs free energy 

depends on the surface energy [100]. As soon as the detonation phenomenon begins, the 

pressure and temperature in the system increase rapidly and reach Chapman-Jouguet (CJ) 

point, corresponding to the conditions when the explosive decomposition and energy 
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release are essentially complete, shown as point A in Figure 1.5b [91, 98]. At the CJ point, 

atomic-scale free carbons generated from the explosive molecules agglomerate to form less 

than 2 nm clusters, which are in the liquid phase. As the pressure and temperature decay 

along the isentrope indicated in a red line in Figure 1.5b, the carbon clusters grow as droplet 

carbons and then crystallize when their size exceeds 2 nm. Finally, when the pressure and 

temperature cross the diamond–graphite equilibrium line, the diamond growth ends, and 

graphite formation begins. During the DND formation, the high-pressure and high-

temperature conditions favorable for the diamond formation last only a few microseconds, 

resulting in the DND average particle size of 4–5 nm. In some cases, a reaction in the 

detonation phenomenon represents the process of material conversion of the explosive 

molecules that proceeds between the beginning of the explosive decomposition and the 

reaching of the CJ point; in this dissertation, the process from the beginning of the 

explosive decomposition to the completion of the DND formation is presented as a 

detonation reaction. 

          

Figure 1.5 – (a) Chemical structures of TNT and RDX. (b) Nanoscale carbon phase 
diagram (Reprinted with permission from Ref [91]). Point A is CJ point. Black and 
blue lines are equilibrium lines of balk- and nano-sized carbons, respectively. 

(a) (b) 
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Practically, the explosive is detonated using an electronic detonator inside a steel 

chamber filled with various gas (such as N2, CO2, and Air) or H2O (liquid or solid) [90, 91]. 

The detonation products are a mixture of the DNDs and the graphite. In addition, it also 

contains trace amounts of metals derived from the detonator and steel walls of the chamber. 

Because of removing these impurities, the detonation products are purified by an acid 

treatment.  

The simplicity of the detonation process enables ND production in large quantities 

at low cost. The detonation process is an established technique for single-digit nanometer-

sized NDs mass production. Hence, it also has attracted attention as a practical method for 

SiV-NDs production. However, there have been no reports of synthesized SiV⁻ center-

containing DNDs (SiV-DNDs). According to a book regarding NDs edited by Arnaut in 

2017 [90], a large number of samples of the DNDs were produced from explosives with 

various dopants, including Si. However, SiV⁻ luminescence was not observed in these 

samples. Thus, the detonation process has been considered unpromising for the SiV-DNDs 

synthesis. 

1.5 Purposes of this dissertation 

To implement the G4V-NDs as fluorescent markers and single-photon sources, it is 

necessary to establish a mass production technique of single-digit nanometer-sized ones. 

Although the HPHT and CVD techniques have achieved the G4V-NDs fabrications, the 

inherently low productivity of these techniques in NDs manufacturing has limited the G4V-

NDs production to the laboratory scale. Furthermore, limiting the particle size of the G4V-

NDs to single-digit nanometers further complicates its fabrication by the HPHT and CVD 
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techniques. The most realistic way to fabricate the single-digit nanometer-sized G4V-NDs 

on a practical scale is to adopt the detonation process established as the mass production 

technology for the NDs with 4–5 nm sizes. Although some research has been carried out 

on the detonation synthesis of G4V⁻ center-containing DNDs (G4V-DNDs) using 

explosives mixed with dopants as group IV atomic sources, there are no reports on their 

successful fabrication [90]. While experimental details, such as the dopant structures, are 

not published, it is clear that the mere presence of the group IV atoms in the explosive 

cannot achieve the G4V-DND fabrications. One of the strategies for the G4V-DNDs 

synthesis is to involve the dopants in the carbon cluster formation process by 

intermolecular interaction of the dopant with the explosive molecule. The dopant with a 

chemical structure enabling this strategy should be selected based on an understanding 

DND formation mechanism at the molecular level. However, there has been little research 

on the DND formation mechanism at the molecular level. Therefore, the first purpose of 

this dissertation is to demonstrate the G4V-NDs synthesis by the detonation process 

through the elucidation of the DND formation mechanism at the molecular level and 

subsequently dopants selection. In addition, this study allows for the representation of the 

detonation reaction as a chemical reaction based on the formation mechanism, 

thermodynamics, and kinetics. It provides an understanding of the detonation process from 

a perspective outside of explosives engineering. 

The interest in the G4V-NDs for the biomedical and quantum fields is based on the 

optical properties of the G4V⁻ centers, an ideal electronic state encapsulated in bulk-sized 

diamonds. Understanding the optical properties reflecting their electronic states is a 

prerequisite for any application. The G4V⁻ centers stored in ND particles should exhibit 
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altered optical properties compared with typical ones owing to their size effects. 

Nevertheless, little research has been done on the optical properties of the G4V⁻ centers 

inside NDs, as mentioned in Section 2. The difficulty in obtaining the G4V-ND samples is 

considered to hinder such research. Achieving the first purpose of this dissertation can 

eliminate this obstacle. Thus, the second purpose of this dissertation is to reveal the optical 

properties of the G4V⁻ centers in NDs produced by the detonation process, through 

systematic optical measurements. In addition, this study contributes to an understanding of 

the particle size effects on the electronic structure of the G4V⁻ centers in NDs. The particle 

size of DND is a few nanometers, which is extremely small among the NDs. Therefore, the 

electronic state of the G4V⁻ centers in DNDs must be significantly affected by the size 

effect relative to the other G4V⁻ centers in NDs. The effect appears clearly as the optical 

properties, facilitating discussion of their electronic structure. The discussion provides a 

foundational understanding lacking not only in the G4V-NDs but also in the F-ND 

community as a whole. 

1.6 Dissertation overview 

This dissertation is organized into the following seven chapters. The contents from 

Chapters 1–7 are based on the publication papers, as shown in List of publications. 

Chapter 1 introduces the F-NDs and their fabrication techniques. Afterward, the 

reasons for focusing on the G4V-NDs and the detonation process in this dissertation are 

explained from their applicative point of view. In addition, the purposes and organization 

of this dissertation are described in this chapter. 
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Chapter 2 describes two main experimental methods used in this dissertation. As 

the first method, this chapter describes the detonation process consisting of the following 

procedures: (i) preparation of the explosive; (ii) purification of the detonation products; 

(iii) structural characterization of the DNDs. As the second method, this chapter describes 

the method of time-resolved spectroscopic measurement. There are instruments used for 

the measurement, operating principle, and system configuration. 

Chapter 3 describes the investigation of the DND formation mechanism at the 

molecular level. The behavior of the explosive molecules during the detonation reaction is 

presented by the time-resolved spectroscopic measurements and a reactive molecular 

dynamics (MD) simulation. Based on these studies, two types of DND formation 

mechanisms are proposed. In addition, this chapter explains the selections of the dopants 

with chemical structures that each proposed mechanism involves for the SiV-DNDs 

synthesis. 

Chapter 4 describes the SiV-DNDs synthesis by the detonation process. The SiV-

DNDs synthesis is demonstrated by the explosive containing an aromatic silicon compound 

as one of the selected dopants in Chapter 3. This chapter also describes the time-resolved 

spectroscopic measurements of the emission from each explosive containing the selected 

dopants. Moreover, the effect of aromatic rings of the dopants for the SiV-DNDs synthesis 

is discussed by comparing the results in this chapter with the proposed mechanisms in 

Chapter 3. 

Chapter 5 describes the synthesis of the GeV⁻ or SnV⁻ centers-containing DNDs 

(GeV- or SnV-DNDs, respectively). This study applies the detonation process using 
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aromatic compounds as the dopant to these fabrications. Moreover, this chapter provides 

the reasons for the success and limitation of the direct G4V-DNDs synthesis via the 

detonation process from thermodynamic and kinetic points of view based on experimental 

results and quantum chemical calculations. 

Chapter 6 describes the investigations of the optical properties of the SiV⁻ and GeV⁻ 

centers in DNDs. Their properties are determined by systematic optical measurements. The 

differences in the properties between the centers in DNDs and the typical ones in bulk-

sized diamonds are explained by their characteristic electronic states depending on the 

extremely small particle size of the DNDs that encapsulate them. 

Chapter 7 describes conclusion of this dissertation and future prospects of the F-

NDs. 
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Chapter 2. Experimental methods 

This chapter has presented the experimental methods for the DND synthesis and the 

time-resolved spectroscopic measurement, which were mainly used in this dissertation. 

2.1 Synthesis and structural characterization of detonation nanodiamonds 

2.1.1 Detonation nanodiamonds synthesis and purification 

A mixed explosive consisting of 60 wt% TNT and 40 wt% RDX was prepared by 

compression to form a cylindrical charge (hereinafter referred to as “TR-explosive”), 

which was a raw material of undoped-DNDs. For the G4V-DNDs synthesis, a certain mass 

of each dopant as a group IV element source (Si, Ge, or Sn) was added in the course of the 

TR-explosive preparation. Chemical structures, chemical properties, and added quantities 

of these dopants were described in experimental details of corresponding chapters. All 

employed dopants are powdery solids at ambient pressure and temperature; therefore, they 

could be well mixed with TNT and RDX powders. The resultant mixtures were molded by 

pressing them into a cylindrical shape. 

Each explosive was detonated in a detonation chamber owned by Daicel 

Corporation under a CO2 atmosphere. The detonation products were purified with an acid 

mixture (H2SO4 + HNO3) at 150 °C for 5 h. After cooling at 70 ºC, the reaction mixtures 

were added to deionized (DI) water and heated (at 150 °C) again for 5 h. The acid treatment 

was performed to remove sp2 carbons and metal impurities. The precipitates were then 

rinsed with DI water and dried. After drying, the crude products were treated with aqueous 

8 M NaOH at 70 ºC for 8 h to remove group IV dioxides (SiO2, GeO2, or SnO2) as by-
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products derived from each dopant. Although the products obtained from the TR-explosive 

without dopants were uncontained to the group IV dioxides, the alkali treatment was also 

performed on them to compare properties of the undoped- and G4V-DNDs purified under 

the same conditions. Alkali-treated precipitates were added to DI water at room 

temperature, and the pH of the resultant mixtures was adjusted to 3–4 by addition of 

aqueous 1 M HCl. The crude suspension was centrifuged (CR22G, Hitachi Koki) at 

8000 × g for 10 min, and the precipitates were separated and washed by adding DI water. 

The procedures of aqueous HCl addition and centrifugation were repeated. The collected 

precipitates were then rinsed with DI water and dried. Finally, purified samples were air-

oxidized in O2/N2 (4/96 vol%) at 470 or 570 ºC for 2 h to remove trace amounts of sp2 

carbon. These procedures gave the undoped- and G4V-DNDs from the corresponding 

explosives. 

2.1.2 Structural characterization of detonation nanodiamonds 

All types of DNDs were characterized using powder X-ray diffraction (XRD; 

SmartLab, Rigaku) analysis and X-ray fluorescence (XRF; ZSX Primus IV, Rigaku) 

measurement with Cu-Kα1 radiation (λ = 1.54 Å). The average crystallite sizes, 

approximately the average particle sizes of the DNDs, were then calculated using 

Scherrer’s formula on the basis of the (111) diffraction peak which was the most intense 

diffraction peak in the XRD patterns. Transmission electron microscopy (TEM; JEM-1400 

Plus, JEOL; acceleration voltage: 120 kV) was performed on a few droplets of a water 

suspension of these DNDs that were dried under ambient conditions on a grid. 
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Optical measurements were carried out to confirm constructions of the G4V− centers 

in DNDs. Drop-cast samples of each DND were prepared by dropping 100 µL of their 

10 wt% aqueous suspensions onto glass substrates and drying under ambient conditions. 

The drop-cast samples were characterized using PL spectroscopy with a Raman 

spectrometer (Lab RAM Evolution, Horiba) equipped with a continuous-wave (CW) laser 

with an excitation energy of 2.33 eV. Inherent PL spectra, including the ZPLs of the SiV⁻, 

GeV⁻, and SnV⁻ centers have been observed at this excitation energy and room temperature 

[58, 65, 101]. 

2.2 Time-resolved spectroscopic measurement 

In this dissertation, intermediate species of the detonation reaction were identified 

by their emission in Chapters 3 and 4, and luminescence lifetimes of the G4V⁻ centers in 

DNDs were determined in Chapter 6. The detonation reaction and radiative transition of 

excited electrons proceed on the pico- to microseconds time scale. Time-resolved 

spectroscopy using a streak camera was employed to measure such ultra-fast optical 

phenomena. This section provided an operation principle of the streak camera and an 

optical system configuration with the streak camera as its heart. 

2.2.1 Operating principle 

The streak camera is a device that resolves temporal information of the light to be 

measured and records it as spatial information, which is composed of a streak tube and a 

detector. The structure of the streak tube with a built-in micro-channel plate electron 

multiplier (MCP) is shown in Figure 2.1 [102–104]. The irradiated light forms a slit image 

on a photocathode by a lens system via an entrance slit. At the photocathode, 
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photoelectrons are emitted proportionally to the intensity of the light. The photoelectrons 

are rapidly accelerated by a mesh electrode and then traverse the streak tube after being 

suppressed in their spread by a focusing electrode. The photoelectrons pass between a pair 

of sweep electrodes to which a time-varying voltage is applied at a constant rate. The effect 

of the time-varying voltage is to generate a deflection electric field that sweeps early 

arriving photoelectrons upward and later ones downward. The ramp voltage application to 

the sweep electrodes is synchronized with the incident light via a trigger signal. The swept 

photoelectrons enter the MCP and are multiplied by several thousand times. Then these 

electrons sequentially collide with a phosphor screen and are converted back into light. The 

intensity of the light produced by the phosphor screen is linearly proportional to the optical 

intensity of the incident light. Therefore, temporal intensity variations of the measured light 

are converted into a vertical spatial luminance distribution on the phosphor screen as a 

streak image. The temporal resolution of the streak camera is typically in the range of pico- 

to milliseconds. In addition, the horizontal spatial distribution of the streak image 

Figure 2.1 – Schematic of streak tube. 
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corresponds to the horizontal position of the incident light. A streak camera equipped with 

a front-mounted spectrograph can generate the streak image with two-dimensional 

information of time and wavelength since the spectrometer converts the wavelength of the 

measurement light into horizontal spatial information. A time-resolved spectrum is 

obtained by measuring the intensity distribution of the streak image with a two-dimensional 

detector such as a charge-coupled device (CCD) camera or a complementary metal oxide 

semiconductor (CMOS) camera. 

The streak cameras are classified into two types by time sweep methods of the 

photoelectrons: single-sweep and synchroscan types [102, 103]. In the single-sweep type, 

a ramp voltage is applied to the sweep electrodes in one direction, as shown in Figure 2.2a. 

The deflection distance of the photoelectrons is linearly proportional to the arrival time of 

the incoming photon (linear time axis). This type of streak camera due to the single-shot 

sweep is used to observe single-shot phenomena in which high-intensity emitted light. In 

practice, it also enables repetitive measurements up to a few MHz by trigger signals 

synchronized with the repetition frequency of phenomenon. This accomplishes the 

production of a high signal-to-noise ratio spectrum, even in dark phenomena. On the other 

hand, the synchroscan type is utilized for measurements requiring higher repetition rates. 

To achieve a higher repetition rate, the sweeping voltage can be applied in a sinusoidal 

high-frequency fashion in both directions, as shown in Figure 2.2b. The sinusoidal voltage 

synchronized with the repetition of the phenomenon enables a high repetition rate up to the 

GHz range and accumulates the streak images at precise locations on the phosphor screen. 

It must be taken into account that the deflection distance of the photoelectrons is no longer 

linear, resulting in a sinusoidal time axis. These types are used depending on measured 
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phenomena and experimental environments. In this study, the streak camera observes the 

emission from the detonation reaction and the luminescence from the G4V⁻ centers in 

DNDs. The detonation reaction is a one-time phenomenon of nano- to microseconds that 

emits high-intensity light. Although the luminescence from the G4V⁻ centers has a pico- 

to nanoseconds lifetime and weak intensity, it is a repeated phenomenon excited by a 

pulsed laser of 1 kHz. Therefore, the single-sweep type streak camera is employed in all 

experiments of this study.  

 

Figure 2.2 – Voltage waveforms on sweep electrodes: (a) single-sweep and (b) 
synchroscan types. 

2.2.2 System configuration 

Figure 2.3 is a schematic diagram of the optical system used in the time-resolved 

spectroscopic measurements [102]. This optical system consists of a measuring unit, an 

external trigger unit, and a readout unit. The measuring unit converts the temporal and 

wavelength information of the measurement light into spatial data by the streak camera 

equipped with the spectrometer. The external trigger unit activates the streak camera, and 

(a) (b) 
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then a voltage is applied to the sweep electrodes. The generation methods of the trigger 

signal depend on the experimental environment and the time sweep methods. Because there 

are differences in the trigger generation methods between the observation of the detonation 

reaction (Chapter 3) and the luminescence lifetime measurement of the G4V⁻ centers in 

DNDs (Chapter 6), these methods are explained in experimental details of the 

corresponding chapters. The readout unit reads streak images produced on the phosphor 

screen in the streak camera. The CCD and the CMOS cameras were employed as the high-

sensitivity cameras to detect the streak images in Chapters 3 and 4 experiments, 

respectively. Their connections to a computer were made using a flame-grabber board for 

the CCD camera and a USB interface for the CMOS camera. Finally, the streak image was 

read by the computer. 

 

Figure 2.3 – Schematic layout of a streak camera system. 
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Chapter 3. Mechanism of nanodiamond formation during detonation 

reaction for silicon dopant selection 

3.1 Introduction 

In the previous chapter, time-resolved spectroscopy was described, which enables 

observation of ultra-fast optical phenomena. Using this technique as a key, the molecular 

level elucidation of the DND formation mechanism was attempted in this chapter. The 

DND formation mechanism during the detonation reaction has been actively studied since 

the discovery of the detonation process in the 1960s. According to Danilenko [90, 91], its 

basic mechanism is that carbon species generated from the decomposition of explosives 

condense and crystallize via droplets in the high-pressure and high-temperature 

environment of the detonation reaction, in agreement with the nanoscale carbon phase 

diagram (the details are described in Chapter 1.4). This mechanism is widely accepted. 

Moreover, the mechanism has been discussed from a molecular point of view. According 

to isotopic experiments [105, 106], the DNDs were almost composed of carbon atoms 

derived from TNT; thus, it is concluded that the roles of TNT and RDX have been to be 

the carbon source for the DND and to create sufficiently high-pressure and high-

temperature conditions enabling the liquid-to-diamond phase transition, respectively. This 

conclusion is also supported by investigations of the relationship between the TNT/RDX 

ratio of the mixed explosive and the yield of DNDs. Therefore, the behavior of TNT 

molecules must be focused to reveal the DND formation mechanism. Dolmatov proposed 

a mechanism whereby radical-like carbon dimers (C2) function as building blocks for the 

DND formation. The C2 species are generated by the decomposition of explosive molecules 
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such as TNT, which form the diamond structure via the construction of six-membered rings 

and/or adamantane skeletons (hereinafter referred to as “C2-mechanism”) [106]. The 

rationale for this proposal is the energy balance between the energy generated by the 

explosive decomposition and the energy required to cleave the bonds of the explosive 

molecules. However, until now, there has been no experimental evidence to support the 

C2-mechanism. One of the possible reasons for it is that the detonation reaction proceeds 

under extreme conditions: ultra-fast time scale of nano- to microseconds, high-pressure of 

several dozen GPa, and high-temperature of several thousand K. The extreme conditions 

make experimental observations of the intermediate species such as the C2 building blocks 

during the detonation reaction considerably difficult. In this study, the intermediate species 

of the DND formation were observed using time-resolved emission spectroscopy (the 

details are described in Chapter 2) and a reactive MD simulation. The DND formation 

mechanisms at the molecular level were proposed on the basis of the observed intermediate 

species. In addition, for the SiV-DNDs synthesis by the detonation process, silicon 

compounds compatible with the proposed mechanism were selected as the Si-dopants to 

be added to the explosive as silicon sources. 

3.2 Experimental detail in Chapter 3 

3.2.1 Explosive preparation 

In this chapter, the detonation reaction is recorded using a high-speed camera 

technique and time-resolved emission spectroscopy to investigate the DND formation 

mechanism. These optical experiments employed two types of explosives, as follows. First, 

a mixed explosive consisting of 60 wt% TNT and 40 wt% RDX was prepared by 
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compression to form a cylindrical charge, which was referred to as the TR-explosive in 

Chapter 2.1.1. The TR-explosive used in this chapter had an amount and bulk density of 

60 g and 1.52 g cm⁻3, respectively. Second, a cylindrical charge of pure RDX was produced 

by pressing its powder (hereinafter referred to as “RDX-explosive”), which total amount 

and bulk density were 60 g (including 5.1 g paraffin wax as a binder) and 1.58 g cm⁻3, 

respectively. The RDX-explosive was prepared as a reference for the TR-explosive. Each 

explosive was detonated in an explosion pit (98.5 m3) owned by the Institute of Industrial 

Nanomaterials (IINa) of Kumamoto University. The emission from the detonation was 

detected by optical instruments installed outside the pit. 

3.2.2 High-speed camera observation 

A high-speed camera observation of the detonation phenomenon of the TR-

explosive was carried out to investigate the time domain of the detonation reaction visually. 

This experiment was performed in the explosion pit. The TR-explosive detonated 

underwater to visually track a detonation wave propagating in the explosive. Underwater 

detonation prevents post-combustion caused by the reaction of detonation gases with 

ambient oxygen and allows observation of the inside of the explosive. The water does not 

affect the detonation wave propagation inside the explosive. Figure 3.1 shows an 

equipment arrangement in this experiment: the TR-explosive set in a water-filled container 

(external dimensions: 200 × 200 × 200 mm3), a high-speed video camera (HPV-1, 

Shimadzu), and an arc flashlight (Power unit: SA-200F, Lamp house: LH-SA3, Nissin 

Electronic) were arranged in a straight line. The high-speed video camera enables a 

recording rate of 1 frame µs⁻1. The activation of the high-speed camera with the detonation 
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of the TR-explosive was synchronized by an ion-gap method which is a widely-used 

trigger-signal generation method for recording detonation phenomena [107]. 

 

Figure 3.1 – Illustration of equipment arrangement for high-speed video camera 
observation. 

3.2.3 Time-resolved emission measurement 

The time-resolved emission measurements of the detonation reactions were 

performed to observe intermediate species of the DND formation. The TR- and RDX-

explosives were individually detonated under an air atmosphere because the air in the large-

scale explosion pit (98.5 m3) could not be replaced by the CO2 used in the DND syntheses 

described in Chapters 4 and 5. However, the external atmosphere does not affect the 

detonation reactions observed in these experiments since they proceed inside the solid 

explosives. Each detonation reaction from the TR- and RDX-explosives was observed 

using a handmade optical system, as schematically shown in Figure 3.2a. An optical fiber 

was positioned to capture the entire explosive. The light emitted from the reaction was 

collected through the optical fiber and then detected by a streak camera (C2830, 

Hamamatsu Photonics) interfaced with a spectrometer (C5094, Hamamatsu Photonics) 
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equipped with a 50 grooves mm⁻1 grating. This optical system recorded time-resolved 

emission spectra with the time and energy resolution of 130 ns and 0.006 eV, respectively. 

The energy and intensity of the spectra were calibrated using a mercury‑argon lamp (HG-

1, Ocean optics) and a standard tungsten lamp (Calibrated lamp: 63358, Lamp mount: 

63366, Oriel), respectively. This optical system also enables high energy resolution 

measurements of 0.0003 eV by employing 600 grooves mm⁻1 grating. In this case, the 

energy calibration was carried out using several standard lamps as follows: hydrogen, neon, 

argon, krypton, and/or xenon lamps (Calibrated lamp: Spectrum tube 4605, 4608, 4600, 

4614, 4615, respectively; Power supply: SP-200, Electro-technic products). The overall 

experimental setup is shown in Figure 3.2b. The activation of the streak camera with the 

detonation of the TR- or RDX-explosives was synchronized by the ion-gap method. The 

streak camera was triggered by igniting an electric detonator with a metal wire via a pulse 

generator. The same electric detonator ignited the explosive through a detonating cord. The 

difference in transmission time between the metal wire and the detonating cord was 

eliminated by adjusting the length of the detonating cord.  
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Figure 3.2 – (a) Schematic of optical system. Distance between TR- or RDX-explosives 
and optical fiber end was set to 200 mm, as calculated by height of these explosives 
(82 mm) and aperture angle of optical fiber (12.7º). (b) Visualization of overall 
experimental setup. 

3.2.4 Molecular dynamics simulation 

The thermal decomposition of solid explosives has been studied by MD simulations. 

This reaction proceeds under a condensed phase at high-pressure and high-temperature. 

Computational studies of such complex reactions require reproducing bond cleavages and 

formations of thousands of atoms over pico- to nanoseconds. Quantum mechanics (QM) 

methods are used to simulate organic chemical reactions because they can accurately 

predict the geometries, energies, and vibrational energies of small molecules [108]. 

(a) 

(b) 
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However, their computational cost limitations make them inapplicable to the thermal 

decomposition system. Therefore, in 2011, Duin and Goddard III et al. developed a ReaxFF 

first-principles-based reactive force field for MD simulation [109]. The ReaxFF is based 

on the covalent formation and the bond order principle, which relates the bond energy to 

bond lengths, valence angles, and torsion angles. This realizes nearly accurate QM and as 

low computational cost as those for a simple force field. Energy contributions to the 

ReaxFF potential are summarized by the following [108, 110, 111]: 

 𝐸ୖୣୟ୶୊୊ ൌ 𝐸ୠ୭୬ୢ ൅ 𝐸୪୮ ൅ 𝐸୭୴ୣ୰ ൅ 𝐸୳୬ୢୣ୰ ൅ 𝐸୴ୟ୪ ൅ 𝐸୮ୣ୬ ൅ 𝐸୲୭୰ୱ ൅ 𝐸ୡ୭୬୨

൅ 𝐸ୌୠ୭୬ୢ ൅ 𝐸୴ୢ୛ ൅ 𝐸େ୭୳୪୭୫ୠ ൅ 𝐸୪୥ ൅ 𝐸ୗ୮ୣୡ୧୤୧ୡ . 
(3.1) 

Ebond is a continuous function of interatomic distance and describes the energy associated 

with forming bonds between atoms. Elp and EHbond are lone-pair and hydrogen binding 

energies, respectively. Eover represents an over-coordinated energy, which is based on 

atomic valence rules. Eunder is an undercoordinated atom, the energy contribution for the 

resonance of π-electron between attached under-coordinated atomic centers. Eval denotes 

an energy contribution from valence angle terms. Epen is an additional energy penalty to 

stabilize the systems with two double bonds sharing an atom in a valency angle. Econj 

denotes a conjugate effect of the molecular energy, especially for aromatic molecules 

where successive bond has bond order values of 1.5. Etors represents torsion energies 

associated with torsion angle strain. Finally, EvdW and ECoulomb are respective electrostatic 

and dispersive contributions calculated between all atoms regardless of connectivity and 

bond-order. Elg is a correction factor to improve the long-range dispersion interaction, 

added to EReaxFF in 2011 [112]. The ReaxFF potential containing Elg is called a ReaxFF-lg. 
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There have been many papers on the molecular mechanism of explosive 

decomposition under high-pressure and high-temperature using the MD simulations with 

ReaxFF. In 2009, Zhang et al. investigated the decomposition and subsequent carbon 

clusters growth process of well-known explosives: 1,3,5-Triamino-2,4,6-trinitrobenzene 

(TATB) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) [113]. In 2014, 

Furman et al. discussed initial processes in the thermal decomposition of condensed phase 

TNT, which begins with the C–N bond cleavages, focusing on its activation energy [114]. 

In 2013, Rom et al. studied thermal decomposition process of 0–30 vol% compressed 

liquid phase TNT under 1800–3500 K [115]. This study showed that the C–N bond 

cleavages and subsequent dimerization of TNT molecules proceed in the early stages of 

the reaction, followed by carbon clustering. This simulation was not pressure-controlled 

because of canonical ensemble (NVT) adoption. These papers are crucial for the study of 

this dissertation on the formation mechanism of the DND. In this study, I carried out the 

MD simulation with ReaxFF that reproduced the detonation reaction with reference to their 

papers for analyzing what intermediate species contribute to the formation of DND. The 

conditions for the reaction to be reproduced are as follows. Firstly, TNT should be adopted 

as the explosive, which is only a carbon source. Secondly, the initial phase of TNTs is in 

solid phase. Finally, simulation pressure and temperature must be 25 GPa and 3675 K, 

respectively, which are the conditions at the CJ point (the details described in Chapter 1.4) 

of the 1.6 g cm⁻1 mixed explosive consisting of 60 wt% TNT and 40 wt% RDX (TR-

explosive) used for the DND productions in Chapters 4–5 and the optical experiments in 

this chapter [116].  
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The MD simulation of this study used the ReaxFF-lg potential implemented in the 

large-scale atomic/molecular massively parallel simulator (LAMMPS) code. This basic 

procedure was designed by Furman et al. and Rom et al. [114, 115]. The initial crystal 

structure of TNTs was obtained from Cambridge Structural Database available at the 

CCDC (http://www.ccdc.cam.ac.uk), CSD_CIF_ZZZMU01, as shown in Figures 3.3a 

and b. The unit cell was expanded in all three directions by (3 × 6 × 2) to create a supercell 

of 288 TNT molecules (6048 atoms). This supercell is shown in Figure 3.3c. Atomic 

positions and cell parameters are optimized by the conjugate gradient method until 

reaching minimum potential energy. The optimized supercell subsequently thermalized at 

300 K for 5 ps constrained by Berendsen thermostat with 25 fs damping constant to 

reproduce its status under room temperature. Moreover, an isobaric–isothermal ensemble 

(NPT) simulation was carried out to relax excess pressure, where temperature and pressure 

were controlled by Nose-Hoover method at 1 atm and 300 K with 50 fs and 250 fs damping 

constants, respectively. The relaxed supercell made by these procedures presented a crystal 

density of 1.50 g cm⁻1. Although the calculated density value does not match the 

experimental value of 1.65 g cm⁻1 owing to insufficient training of the Elg, it has been 

reported that the effect on the reaction simulation is negligible [114]. Then, the supercell 

was volumetrically compressed at 35% to control the generated pressure of approximately 

25 GPa in the NPT calculations described below. Optimization and microcanonical 

ensemble (NVE) simulation for an additional 5 ps were performed to relax stress inside the 

supercell caused by these compressions. The relaxed supercells were used for 

decomposition simulation at 3675 K and 25 GPa. The target temperature of 3675 K was 

reached from 300 K by rescaling atomic velocities for 100 fs. This rescaling is performed 
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every 5 fs by ramped values between the start (300 K) and end (3675 K) temperatures. The 

pressure of the system reached 3675 K was approximately 25 GPa. The NPT calculation 

controlled by Nose-Hoover barostat and thermostat was used during the remainder of the 

simulation to maintain constant pressure and temperature at 25 GPa and 3675 K, 

respectively. The damping constant of the barostat and thermostat control was 10 fs. The 

rapid heating and constant thermalization timesteps were 0.1 and 0.2 fs, respectively. 

Moreover, bond formations and cleavages were monitored at arbitrary time steps using 

bond-order cutoff values shown in Table 3.1 (typical values in ReaxFF C/H/O/N high-

energy simulations [114, 115]) to identify chemical species.  

   

 

Figure 3.3 – (a) Molecular structure of TNT molecule. (b) Orthorhombic unit cell and 
(c) orthorhombic non-compressed supercell containing 8 and 288 TNT molecules, 
respectively. Gray, white, red, and blue sticks represent carbon, hydrogen, oxygen, 
and nitrogen atoms, respectively.  

(a) (b) 

(c) 
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Table 3.1 – Atom pairs (atom#1 and atom#2) bond order cutoff values employed in 
chemical species analysis. 

Atom #1 Atom #2 Bond order cut off 

C C 0.55 

C H 0.40 

C O 0.65 

C N 0.30 

H H 0.55 

H O 0.40 

H N 0.55 

O O 0.65 

O N 0.40 

N N 0.55 

3.3 Results and discussion 

3.3.1 High-speed camera observation 

The high-speed camera observation was performed to investigate the time domain as 

an appearance of the detonation wave. Figures 3.4a–f show high-speed camera images of 

the detonation phenomenon in water, as recorded at a rate of 1 frame µs⁻1. The time when 

the electric detonator was ignited was set as 0 µs (Figure 3.4a). The TR-explosive was 

detonated at 6 µs (Figure 3.4b). The detonation wave then propagated through the 

explosive (Figures 3.4c and d), and after 19 µs, the entire explosive had finished reacting 

(Figure 3.1e). Finally, explosive gas expanded (Figure 3.4f). Therefore, the time domain 

of the detonation wave in the TR-explosive is 13 µs. 
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Figure 3.4 – High-speed camera images of detonation phenomenon. (a) Initiation time 
of detonator. (b) Start of detonation reaction. (c, d) Detonation propagation. (e) End 
of detonation reaction. (f) Expansion of the explosive gas.  

Contour light source 

TR-explosive 

Detonator 

Water 

Detonation gas Detonation 
wave 

(a; 0 µs) (b; 6 µs) 

(c; 8 µs) (d; 12 µs) 

(e; 19 µs) (f; 46 µs) 
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3.3.2 Time-resolved emission measurement 

The temporal evolution of the detonation phenomenon for the TR-explosives was 

measured using time-resolved spectroscopy to observe the intermediate species of the DND 

formation. The RDX-explosive as a component of the TR-explosive was also investigated 

to determine the origin of the emission from the detonation of the TR-explosive. 

Unfortunately, the TNT could not be examined because it does not detonate as a stand-

alone explosive. The time-resolved emission spectra of the TR- and RDX-explosives are 

shown in Figures 3.5a and b, respectively, whose measurements employed the grating of 

the 50 grooves mm⁻1. Figures 3.5a' and b' show the spectra extracted by the integration for 

13 μs after the start of the significant emission in Figures 3.5a and b, respectively. The time 

domain of 13 μs is the same as that of the detonation wave observed with the high-speed 

camera (see Section 3.1). These spectra could not be fitted with Planck distribution and 

showed several sharp peaks. The peaks at 2.10 and 2.93 eV are shown in both spectra. The 

peaks at 1.74, 1.90, 2.02, 2.24, 2.52, and 2.72 eV are only observed in the emission from 

the RDX-explosive. Although these peaks detected for only the RDX-explosive must also 

be included in the emissions from the TR-explosive, these observations are probably 

hampered by a broad background peak emitted from the low-energy side observed only in 

the TR-explosive that should originate from TNT. Moreover, these time-resolved emission 

spectra did not show Swan-band of C2 which is characteristic of the radical of diatomic 

carbon [117–119]. 
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Figure 3.5 – Time-resolved spectra of emission from (a) TR- and (b) RDX-explosives. 
Spectral intensities in (a) and (b) represented small negative values because dark 
images were subtracted from raw streak images to remove background signals. 
Detonation reactions occurred for 13 μs (11–24 μs), and secondary combustion was 
observed after detonation reaction. (a') and (b') are time-integrated spectra over 
detonation reaction time domains in (a) and (b), respectively. 
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The significant peaks at 2.10 and 2.93 eV observed in the emission spectra from 

TR- and RDX-explosives are atomic emissions owing to their narrow linewidths. Since the 

emitting atoms are presumed to be involved in the DND formation during the detonation 

reaction, additional studies for these atomic emission assignments were performed by 

following procedures: (i) high-resolution time-resolved spectroscopic measurements of 

emission from the detonation of the TR-explosive using the finder grating of the 

600 groove mm−1; (ii) calculations of peak energies via peak fitting with functions; (iii) 

assignments concerning to the National Institute of Standards and Technology (NIST) 

atomic spectra database [120]. Firstly, the peak at 2.10 eV was assigned. Figure 3.6a is a 

high-energy resolution time-resolved emission spectrum around 2.10 eV. Figure 3.6b is a 

spectrum extracted by the integration between 11 and 24 µs as black dots, which was 

corrected by a linear baseline subtraction parallel to the x-axis. These spectra showed a 

target peak. Because the detonation reaction proceeds under 25 GPa and 3675 K, the 

emission peak was presumed to have an instrumental width ∆𝐸୧ plus Doppler width ∆𝐸ୈ 

and a collision width ∆𝐸ୡ  (under an ideal gas assumption) expressed by Equations 3.2 

and 3.3, respectively [121–124], 

 

∆𝐸ୈ ൌ
2𝐸଴
𝑐
ඨ

2ln2𝑘୆𝑇
𝑀

 , (3.2) 

 ∆𝐸ୡ ൌ 2𝛾𝑃 , (3.3) 

where 𝐸଴ is the atomic emission energy, 𝑐 is light speed, 𝑘୆ is Boltzmann constant, 𝑀 is 

atomic mass, 𝛾 is a collision broadening coefficient that depends on temperature, 𝑃 and 𝑇 

are pressure and temperature, respectively. ∆𝐸୧ and ∆𝐸ୈ are expressed by a Gauss function,  
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while ∆𝐸ୡ  is described by a Lorentz function [125]. Therefore, the emission peaks are 

presented by a Voigt function, which is the convolution of the Gauss and the Lorentz 

functions and is expressed by 

 
𝐹୚ሺ𝐸ሻ ൌ 𝐹଴ ൅ 𝐴

2ln2
𝜋ଷ/ଶ

𝑤୐
𝑤ୋ
ଶ න

expሺെ𝑡ଶሻ

ቀ√ln2
𝑤୐
𝑤ୋ
ቁ
ଶ
൅ ቀ√4ln2

𝐸 െ 𝐸଴
𝑤ୋ

െ 𝑡ቁ
ଶ

ஶ

ିஶ
𝑑𝑡 , (3.4) 

 
𝑤ୋ ൌ ට∆𝐸୧

ଶ ൅ ∆𝐸ୈ
ଶ , (3.5) 

 𝑤୐ ൌ ∆𝐸ୡ , (3.6) 

where 𝐹୚ሺ𝐸ሻ is the emission intensity at energy 𝐸, 𝐹଴ is the baseline, 𝐴 is the peak area, 

𝑤ୋ and 𝑤୐ are the full-width at half maximum (FWHM) of the Gaussian and Lorentzian 

components, respectively. A red line in Figure 3.6b shows that the emission peak is well-

fitted with the Voigt function. According to the fitting parameters shown in Table 3.2, the 

Gaussian components, ∆𝐸୧  and ∆𝐸ୈ , do not contribute to the atomic emission profile 

owing to 𝑤ୋ of ~0; therefore, the pressure effect expressed as the Lorentz component, ∆𝐸ୡ, 

unexpectedly dominated the emissions from the reaction despite its high-temperature of 

3675 K. Hence, the Lorentz function is used for the subsequent fitting of the emissions 

from the detonation reaction, represented as 

 
𝐹୐ሺ𝐸ሻ ൌ 𝐹଴ ൅

2𝐴
𝜋

𝑤୐
4ሺ𝐸 െ 𝐸଴ሻଶ ൅ 𝑤୐

ଶ , (3.7) 

as shown by a red line in Figure 3.6c. These fitting parameters are indicated in Table 3.2. 

The peak at 2.103 eV calculated by the Lorentz function fitting was assigned to 
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C(I) [2s22p3p–2s22p7s] atomic emission by referencing the NIST atomic spectra database 

[120]. Secondly, the peak at 2.93 eV in Figures 3.5a' and b' was assigned. Figure 3.7a is a 

high-energy resolution time-resolved emission spectrum around 2.93 eV. Figure 3.7b 

shows a spectrum extracted by the integration between times 9 and 22 µs as black dots, 

which was corrected by a linear baseline subtraction parallel to the x-axis. The single peak 

of the integration spectrum could be fitted by the Lorentz function, as indicated by a red 

line in Figure 3.7b. According to its fitting parameters shown in Table 3.3 and NIST atomic 

spectra database, the peak energy is 2.934 eV, which was assigned to O(II) [2s22p2(3P)3d–

2s22p2(3P)4f] atomic emission [120]. 
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Figure 3.6 – (a) High spectral resolution time-resolved spectrum of emission from TR-
explosive around 2.10 eV. Spectral intensity represented small negative value because 
dark image was subtracted from raw streak image to remove background signal. The 
detonation reaction occurred for about 13 μs (11–24 μs), and secondary combustion 
was observed after detonation reaction. (b, c) Time-integrated spectra over the 
detonation time domain in (a) were indicated as black dots, where baselines were 
subtracted by linear lines parallel to x-axis. Red lines in (b) and (c) are the Voigt and 
Lorentz curves, respectively. 
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Figure 3.7 – (a) High spectral resolution time-resolved spectrum of emission from TR-
explosive around 2.93 eV. Spectral intensity represented small negative value because 
dark image was subtracted from raw streak image to remove background signal. 
Detonation reaction occurred for about 13 μs (9–22 μs), and secondary combustion 
was observed after detonation reaction. (b) Time-integrated spectra over detonation 
time domain in (a), where baseline was subtracted by a linear line parallel to x-axis. 
Black dots and a red line indicate original data and fitted Lorentz curve, respectively. 
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3.3.3 Molecular dynamics simulation using ReaxFF 

The MD simulation system was well-reproduced with the target conditions of 

25 GPa and 3627 K according to the time series of pressure and temperature during 

equilibration shown in Figure 3.8a. Figures 3.8b and c show the temporal evolution of the 

main final gaseous products from the TNT molecules and its magnified view of the gas 

products evolution in the time region from 0 to 3  ps, respectively. The nitro groups were 

initially eliminated as NO2 from the TNTs, resulting in N2 via NO molecules. The O atoms, 

including nitro groups, reacted with the H atoms at 3,5-positions and the methyl groups of 

the TNTs and formed OH and H2O molecules. Productions of CO and CO2 molecules are 

negligible. Thus, while the functional groups of the TNT molecules were released into the 

system as stable low molecular weight compounds, the C7 carbon skeletons of TNT 

molecules were not decomposed. The remaining number of C7 species and the maximum 

size of carbon clusters at each time were pursued to investigate the behaviors of the carbon 

atoms, as shown in Figures 3.8d and e. The carbon cluster growth almost stopped at 2 ps 

with the disappearance of the C7 species. Subsequently, the behavior of the carbon atoms 

during this 2 ps period was studied in detail. Figure 3.9a shows the existing number of each 

carbon species at 0.0, 0.3, 0.7, and 1.1 ps, weighted by the carbon number of itself. The C7, 

C14, C21, and C28 species were prominently presented. This indicates that the C7 TNT 

skeleton structures were polymerized without degradation. The existing number of the 

carbon species at 1.1 to 2.1 ps is shown in Figures 3.9b and c. Since the relationship 

between the carbon number of species and their existing number seems linear, each species 

that includes more than 50 carbon atoms exists only one molecule at any time.  
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Figure 3.8 – (a) Pressure and temperature histories of simulation system. (b) 
Temporal evolution of stable gaseous molecules number. (c) Magnified view of (b) in 
time region from 0–3 ps. (d) Evolution of C7 species number and maximum cluster 
size. (e) Magnified view of (d) in time region from 0–5 ps.  
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Figure 3.9 – Existence number of carbon species in simulation system during (a) 0.0–
1.1 ps and (b) 1.1–2.1 ps. (c) Magnified view of the (b) in carbon number of species 
region from 0–150. In figures (a, b, c), carbon numbers of species weighted existence 
numbers.  
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measured in that from the RDX-explosive. Thus, there is a possibility that the origin of the 

atomic carbons is the RDX which plays a role in the energy source of the DND formation. 

However, the observation of the C(I) atomic emission should not be ignored because of its 

potential to originate from the TNT as a carbon source for the DND. Hence, the C1-

mechanism is proposed in which the atomic carbons (C1) generated by the decomposition 

of the TNT molecules function as building blocks for the DND formation. Furthermore, 

the estimation of the DND formation mechanism is discussed by the results of the MD 

simulation with ReaxFF. This simulation confirmed that the dimerization and trimerization 

of the TNTs proceeded while maintaining the carbon skeleton C7 with the aromatic ring C6 

as TNT core. Such C6-mechanism is consequently suggested. Although the C6 or C7 

intermediate species were undetected in the time-resolved emission spectra, asymmetric 

molecules larger than C3 cannot be observed in those spectroscopic experiments. Therefore, 

the C6-mechanism is not ruled out by the spectroscopic investigations. In summary, the C1- 

and C6-mechanisms are proposed by the time-resolved spectra and the MD simulation with 

ReaxFF, respectively, where the C1 or C6 building blocks couple and aggregate with 

themselves and then undergo a phase transition from the liquid phase to the diamond phase 

during the detonation reaction.  

3.3.5 Selection of silicon dopant for synthesis of silicon-vacancy center-containing 

nanodiamonds via detonation process 

The silicon compounds shown in Figure 3.10 are selected corresponding to two 

types of putative DND formation mechanisms, as Si-dopants. For the C1-mechanism, a 

tetrakis(trimethylsilyl)silane (TTS) is employed. TTS is not only composed of an 

abundance of Si atoms, but its central Si atom has four Si–Si bonds with lower bond energy 
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than C–C and C–Si bond energies. These structural features are predicted to release atomic 

Si readily. The released Si atoms are expected to be in high-frequency contact with the C1 

species derived from TNT molecules and then incorporated into the C1 condensation 

process. In the C6-mechanism, an aromatic silicon compound triphenylsilanol (TPSOH) is 

adopted. The C6 building blocks and TPSOH have aromatic ring structures. Since these 

aromatic rings interact during the detonation reaction, the Si atoms of TPSOH molecules 

are expected to incorporate into the DNDs. In addition, these Si-dopants can be mixed with 

TNT and RDX powders well and then molded by pressing to form the cylindrical shape 

because they are powdery solids at ambient pressures and temperatures (the melting points 

of TTS and TPSOH are 263–264 and 152–154 °C, respectively [126, 127]). The detonation 

experiments of the SiV-DND synthesis in which these Si-dopants were used are described 

in Chapter 4. The C1- and C6-mechanisms also are evaluated from results of the SiV-DND 

syntheses. 

 

Figure 3.10 – Chemical structures of TTS and TPSOH. 
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3.4 Summary 

The study on the DND formation mechanism at the molecular level was performed 

using the time-resolved emission measurements and the MD simulation with ReaxFF. The 

time-resolved spectrum of the emission from the TR-explosive recorded the atomic carbon 

C1 emission. On the other hand, the MD simulation showed dimer- and trimerization of 

TNT molecules while maintaining their carbon skeleton C7 with the aromatic ring C6. 

Hence, the C1- and C6-mechanisms were proposed, in which the C1 and C6 species function 

as the building blocks for the diamond structure construction, respectively. In addition, the 

TTS and TPSOH were selected as the Si-dopants corresponding with the C1- and C6-

mechanisms for the SiV-DNDs synthesis by the detonation process, respectively. 

 

.  



 

 56

  



 

 57

Chapter 4. Synthesis of silicon-vacancy center-containing 

nanodiamonds via detonation process 

4.1 Introduction 

In the previous chapter, the two types of Si-dopants were selected corresponding to 

the proposed mechanisms. The SiV-NDs syntheses by the detonation process using 

explosives with these Si-dopants individually are tried in this chapter. The SiV-ND has 

attracted considerable attention as an ideal fluorescent marker for bioimaging because of 

biocompatibility of the ND and excellent optical properties of the SiV⁻ center [10]. The 

SiV⁻ center exhibits narrow and strong ZPL at 1.68 eV [52, 58]. The ZPL is known to have 

a spectra width of ~11.4 meV and to possess a small PSB as ~70% of its total luminescence 

is concentrated in the ZPL [51, 65]. This prominent luminescence lying in a near-infrared 

biological window (1.38–1.77 eV) is available for observations in living cells [128, 129], 

which can be excited by near-infrared light [65]. In addition, the SiV⁻ centers in bulk-sized 

diamonds and 200 nm-sized NDs have shown temperature sensitivity down to 0.36 and 

0.52 K Hz⁻1/2 around room temperature, respectively [61]. Thus, the SiV-ND is also 

expected to be applied to nanoscale temperature sensing in living cells. In 2022, 

intracellular imaging and thermometry using the SiV-NDs were realized by Liu et al. [130]. 

Given this background, numerous fabrication studies for the SiV-NDs have been carried 

out thus far: HPHT, CVD, and ion implantation techniques are well known 

[70, 76, 79, 85, 86]. Nevertheless, no technique has been discovered to produce the SiV-

NDs on a practical scale. The establishment of the SiV-NDs mass production technique is 

required for their practical application as fluorescent markers. Therefore, researchers have 
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been focused on the detonation process that produces NDs through the detonation of 

explosives such as the mixture of TNT and RDX. Because of its straightforward procedures, 

DNDs can be synthesized on a practical scale [91–93]. In addition, the DNDs exhibit two 

unique features for biomedical applications, as follows. First, the DNDs can move into 

living cells through the membrane because their small particle size of 4–5 nm is 

comparable to the size of typical biomolecules such as proteins [88, 89]. Second, the DND 

surface is naturally covered with functional groups enabling modification with various 

chemical compounds [131]; therefore, the surface modifications allow their dispersion in 

a wide range of media [132–134]. The production of SiV-NDs via the detonation process 

has been actively studied using explosives containing various Si-dopants [90]. However, 

there has been no successful fabrication of the SiV-DNDs directly to date. In this study, 

the SiV-NDs synthesis is performed by the detonation process (SiV-DNDs) using the 

explosives containing each Si-dopant. Furthermore, the chemistry behind the successful 

synthesis of the SiV-DNDs is discussed in terms of the DND formation mechanism at the 

molecular level. 

4.2 Experimental detail in Chapter 4 

The standard explosive generally used to produce undoped-DNDs is a mixed 

explosive consisting of 60 wt% TNT and 40 wt% RDX prepared by compression to form 

a cylindrical charge of 60 g as the total mass. This explosive was referred to as the TR-

explosive in Chapters 2 and 3, which was also employed in the time-resolved emission 

measurements described in Chapter 3.3.2. In the study of this chapter, the SiV-DNDs 

synthesis was performed using the TR-explosive with the Si-dopants selected in 

Chapter 3.3.5: TTS (Tokyo Chemical Industry Co., Ltd.) or TPSOH (Tokyo Chemical 
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Industry Co., Ltd.). 0.6 g of each Si-dopant was added in 60 g of the TR-explosive 

preparation (hereinafter referred to as “Si-explosive”). Both Si-dopants are powdery solids 

at room pressure and temperature because TTS and TPSOH melting points are 263–264 

and 152–154 °C, respectively [126, 127]. Therefore, they could be well mixed with TNT 

and RDX powders. The resultant mixtures could be molded by pressing into a cylindrical 

shape. Each Si-explosive was detonated under a CO2 atmosphere. The detonation products 

were purified by acid treatment, alkali treatment, and air-oxidization at 470 ºC for 2 h. 

These purified samples were confirmed to be DNDs by powder XRD analyses and TEM 

observations. Subsequently, the creation of the SiV⁻ centers in DNDs was investigated by 

PL measurements for their drop-cast samples. These original methods were described in 

Chapter 2.1. 

The isolation of single-digit nanometer-sized DNDs from the as-purified DNDs was 

performed with reference to the method of Stehlik et al. [135], as follows. A colloidal 

solution was prepared from 12 mg of the DNDs with 8 mL of DI water, followed by 

sonication using an ultrasound horn (UP-400S, Hielscher Ultrasonics) at 120 W for 1 h to 

ensure proper dispersion. The dispersion was centrifuged (CR22G, Hitachi Koki) at 

13200 × g for 1 h. The supernatant (up to 4 mm deep from the liquid level) was collected 

carefully using a micropipette, which was characterized by the PL measurement after 

drying on a glass substrate as a drop-cast sample. 

The detonation reactions of the Si-explosives containing TTS or TPSOH were 

observed by time-resolved emission spectroscopy. These observations were carried out by 

the identical method as in the time-resolved emission measurements of the detonation from 

the TR-explosive described in Chapter 3.2.3. In these measurements, amounts of the Si-
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dopants were used ten times (6 g) as much as the SiV-DNDs synthesis for more apparent 

observation of dopant-attributed emission. 

4.3 Results 

4.3.1 Structural characterization 

XRD patterns of the purified detonation products obtained from the two types of Si-

explosives are shown in Figure 4.1. The products were confirmed to have a diamond crystal 

structure as three major diffraction peaks, originating from (111), (220), and (311) planes, 

were explicitly observed. Graphite peaks were not observed. The average crystalline sizes 

of the diamonds obtained from the Si-explosives including TTS or TPSOH were calculated 

on the basis of each (111) diffraction peaks using Scherrer's formula were 7.1 or 7.4 nm, 

respectively. In addition, TEM images of the aggregated diamonds produced by the Si-

explosives are shown in Figures 4.2a and b. The particle sizes in the TEM images were 

calculated assuming a spherical shape. The particles with unclear boundaries of adjacent 

particles were not included in the calculation, such as those shown by the yellow squares 

in the TEM images. The calculation results as particle size distributions of their diamonds 

are shown in Figure 4.2c. The most frequently observed particle sizes of the diamonds 

obtained from the Si-explosives containing TTS and TPSOH roughly matched the 

respective average crystallite sizes based on the powder XRD analyses. According to these 

characterizations, DNDs were produced from the Si-explosives as in a well-known 

detonation process, irrespective of the dopants. The DNDs obtained by the Si-explosives 

containing TTS and TPSOH are hereinafter individually referred to as “TTS-DNDs” and 

“TPSOH-DNDs.” 
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Figure 4.1 – XRD patterns of detonation products obtained from Si-explosives 
including (a) TTS and (b) TPSOH. Asterisks, circles, and a cross denote cubic 
diamond structure, cubic silicon carbide structure, and a spike noise, respectively. 

 

Figure 4.2 – TEM images of aggregated diamonds produced by Si-explosives 
containing (a) TTS or (b) TPSOH. (c) Particle size distributions made by TEM images 
(a, b). Yellow squares in (a) and (b) are areas of particle sizes that were excluded from 
calculations owing to unclear boundaries between adjacent particles.   
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4.3.2 Photoluminescence measurement 

PL measurements were performed at room temperature for the drop-cast samples of 

the TTS- and TPSOH-DNDs which were densely packed on the glass substrate. 

Figures 4.3a and b show normalized PL intensity maps at 1.68 eV which is the ZPL of the 

SiV⁻ center [52, 65], for the TTS- and TPSOH-DNDs, respectively. Each map comprises 

10201 spots, each corresponding to a 1 × 1 µm region. Figures 4.3a' and b' show 

representative PL spectra for the TTS- and TPSOH-DNDs, corresponding to spots 1 and 2 

indicated in Figures 4.3a and b, respectively. One can see that only the TPSOH-DNDs have 

a distinct peak centered at 1.68 eV in their PL spectrum, suggesting that the SiV-DNDs 

were successfully synthesized via the detonation process using the Si-explosive containing 

TPSOH as the silicon source. In this study, the experimental procedures do not include an 

annealing process to couple the Si atoms and the carbon vacancies required in the general 

process to prepare the split-vacancy structure which is a Si atom lying between two carbon 

vacancies (the structure described in Chapter 1.2) [136]. Although the air-oxidation was 

performed at 470 ºC as a post-treatment to remove trace amounts of sp2 carbon, it is 

generally insufficient to form the SiV structure under such temperature. According to one 

of the reports, an even at a temperature of 800 ºC could not combine the Si atom and the 

vacancies in DND [137]. Hence, the SiV⁻ centers were directly formed during the DND 

formation process. 
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Figure 4.3 – Results of PL measurements on DNDs produced from Si-explosives. 
Intensity mapping of PL at 1.68 eV for (a) TTS- and (b) TPSOH-DNDs. 
Representative PL spectra corresponding to spots 1 and 2 indicated in (a, b) are 
shown in (a') and (b'), respectively. 

The TPSOH-DNDs contain aggregates and minor larger (>10 nm size) diamond 

particles according to their TEM image shown in Figures 4.2b and c. Here, single-digit 

nanometer-sized TPSOH-DNDs were isolated from such large particles following the 

method stated in Section 2 and subsequently evaluated the construction of SiV⁻ centers by 

PL spectroscopy. The TPSOH-DNDs were ultrasonicated and then centrifuged (13200 × g, 

1 h). The supernatant after centrifugation was collected at a depth in the range of 4 mm 

from the liquid level. The sedimentation velocity 𝑉ୱୣୢ  of the particle in a solvent is 

expressed by [138]  
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𝑉ୱୣୢ ൌ

2𝑔𝑟ଶ൫𝜌୮ െ 𝜌ୱ൯
9𝜇

 , (4.1) 

where 𝑔  is gravitational acceleration, 𝑟  is the radius of the particle, 𝜌୮  and 𝜌ୱ  are the 

density of the diamond particles and solvent, and 𝜇 is the solvent's viscosity, respectively. 

According to Equation 4.1, 𝑉ୱୣୢ of the >10 nm-sized DNDs centrifuged at 13200 × g was 

calculated to be >6.4 mm h⁻1. Therefore, the collected supernatant (up to 4 mm deep from 

the level) should contain only single-digit nanometer-sized DNDs. The isolated single-digit 

nanometer-sized TPSOH-DNDs exhibited the ZPL of SiV⁻ center at 1.68 eV in their PL 

spectrum, as shown in Figure 4.4. Thus, the single-digit nanometer-sized SiV-DNDs were 

synthesized via the detonation process.  

 

Figure 4.4 – PL spectrum of separated single-digit nanometer-sized SiV-DNDs. 
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TPSOH, respectively. Their time and energy resolutions are 130 ns and 0.006 eV, 

respectively. According to the high-speed camera observations studied in Chapter 3.3.1, 

the time domain of the detonation reaction is 13 µs from the first recording of prominent 

emission in the time-resolved spectra (12–25 and 11–24 µs in Figures 4.5a and b, 

respectively). Figures 4.5a' and b' show time-integrated spectra during the detonation 

reaction times in Figures 4.5a and b, respectively. As with the emission from the TR-

explosive explained in Chapter 3.3.2, these spectra could not be fitted with Planck 

distribution and showed sharp peaks at 2.10 and 2.93 eV assigned with C(I) [2s22p3p–

2s22p7s] and O(II) [2s22p2(3P)3d–2s22p2(3P)4f], respectively. Other small peaks at 1.90, 

2.24, 2.52, and 2.72 eV are consistent with the detonation emission from RDX (described 

as the RDX-explosive in Chapter 3.3.2). It is noteworthy that a unique peak at 1.84 eV was 

observed only in the detonation reaction of the Si-explosive containing TTS (Figure 4.5a 

and a'). Therefore, a high-resolution experiment was additionally performed to assign this 

unique peak according to the procedure described in Chapter 3.2.2. Figure 4.6a shows a 

high-resolution time-resolved emission spectrum around the peak position, measured using 

a finer grating with a spectral resolution of 0.0003 eV. Figure 4.6b offers an extracted 

spectrum; this was made by integrating over the time ranges of 14–27 µs, corresponding 

to the detonation reaction time in Figure 4.6a. The peak in the extracted spectrum was well-

fitted with a Lorentz curve as a red line in Figure 4.6b. The peak energy is 1.848 eV 

according to the fitting parameters summarized in Table 4.1 and subsequently is assigned 

to a Si(IV) [2p65p–2p65d] atomic emission with reference to the NIST atomic spectra 

database [120]. 
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Figure 4.5 – Time-resolved spectra of emission from Si-explosives containing (a) TTS 
and (b) TPSOH. Spectral intensities in (a) and (b) represented small negative values 
because dark images were subtracted from raw streak images to remove background 
signals. Detonation reactions occurred for 13 μs (TTS: 12–25 μs, TPSOH: 11–24 μs), 
and secondary combustions were observed after the detonation reactions. (a') and (b') 
are time-integrated spectra over the detonation reaction time domains in (a) and (b), 
respectively.   
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Figure 4.6 – (a) High spectral resolution time-resolved spectrum of emission from Si-
explosive containing TTS around 1.84 eV. Spectral intensity represented small 
negative value because dark image was subtracted from raw streak image to remove 
background signal. Detonation reaction occurred for about 13 μs (14–27 μs), and 
secondary combustion was observed after detonation reaction. (b) Time-integrated 
spectra over detonation time domain in (a), where baseline was subtracted by a linear 
line parallel to x-axis. Black dots and a red line indicate original data and fitted 
Lorentz curve, respectively.  

Table 4.1 – Fitting parameters of Lorentzian function for a peak around 1.84 eV of 
emission from TR-explosive. 

𝐹଴ 𝑥௖ 𝐴 𝑤୐ 

(8.654±0.162)×10−2 1.848±0.000 (5.530±0.082)×10−3 (4.050±0.080)×10−3 
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for the DND formation proposed in Chapter 3.3.5, respectively. In the C1- and C6-

mechanisms, atomic carbons (C1) and aromatic rings (C6) derived from TNTs function as 

building blocks for the diamond structure construction, respectively. The successful 
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dopants (the chemical structure is shown in Figure 3.10) and the proposed mechanisms. In 

the C1-mechanism, atomic Si should be incorporated into the carbon condensation process 

because they are the same atomic species as the C1 building blocks. TTS was selected as a 

compound with high Si atom content, whose covalent bonds are readily cleaved. The time-

resolved emission spectra (Figures 4.5 and 4.6) demonstrated the release of the atomic Si 

from TTS. Nevertheless, the SiV-DNDs were not produced by the Si-explosive containing 

TTS. It suggests the non-intervention of atomic Si in the C1 species condensing process 

and the invalidity of the C1-mechanism. One interpretation of the C1 atomic emission 

observed in the time-resolved spectra is that C1 originates only from RDX which does not 

supply carbons to the DNDs and creates high-pressure and high-temperature conditions. 

On the other hand, TPSOH selected by the C6-mechanism led to the SiV-DNDs synthesis. 

The TPSOH selection was because the three aromatic rings bonded to a Si atom in its 

chemical structure should allow for the aromatic interaction with the C6 building blocks 

during the detonation reaction. The absence of Si atomic emission in the time-resolved 

spectra indicated in Figures 4.5b and b' suggest that the chemical structure of TPSOH could 

be maintained in whole or in part during the detonation reaction. Thus, the combination of 

the aromatic rings-containing TPSOH chemical structure and the C6-mechanism can 

explain the achievement of the SiV-DNDs synthesis. The discussion above not only 

explains the reason for the successful synthesis of the SiV-DNDs but also proposes the C6-

mechanism as a promising DND formation mechanism at the molecular level.  
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4.5 Summary 

The SiV-DNDs synthesis was performed using explosives containing TTS or 

TPSOH. Only the DNDs obtained from the explosives with TPSOH showed the PL 

spectrum including the peak at 1.68 eV corresponding to the ZPL of SiV⁻ center. Hence, 

the SiV-DNDs synthesis was realized by employing TPSOH as Si-dopant. According to 

the time-resolved emission spectra of the detonation reactions from each explosive, TTS 

was decomposed to atomic Si, whereas TPSOH partially or wholly maintained its chemical 

structure, during the detonation reactions. Combining these optical experimental results 

with the C6-mechanism proposed in Chapter 3, the achievement of the SiV-DNDs synthesis 

can be explained by the aromatic–aromatic interactions between TPSOH and the 

C6 diamond building blocks derived from TNT molecules as the DND carbon source. The 

control of the detonation reactions based on the C6-mechanism leads to further discussion 

of the in situ doping of hetero atoms into DNDs by the detonation process from the 

molecular reaction mechanism perspective. 
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Chapter 5. Synthesis of three types of group IV-vacancy center-

containing nanodiamonds by detonation process using aromatic 

compounds as group IV element sources, and its mechanism 

5.1 Introduction 

In the previous chapter, the practical scale synthesis of SiV-NDs is demonstrated by 

the detonation process, which produces NDs with 7 nm on average through the detonation 

of the mixed explosives consisting of TNT, RDX, and an aromatic Si compound. The 

detonation process with the aromatic compound was expanded to synthesize the other 

G4V-NDs in this chapter. The GeV⁻ and SnV⁻ centers are other types of G4V⁻ centers 

composed of elements with larger atomic numbers than the SiV⁻ center. The GeV⁻ and 

SnV⁻ centers exhibit strong and sharp ZPLs at 2.06 and 2.00 eV as well as the SiV⁻ center, 

respectively [52, 64]. Therefore, the GeV- or SnV-NDs have also emerged as promising 

candidates for fluorescent markers and single-photon sources [10, 64]. In particular, there 

is a strong demand to synthesize single-digit nanometer-sized GeV- and SnV-ND particles 

for applications of fluorescent markers owing to their low accumulation in the body. The 

fabrications of their high crystalline particles have been achieved via HPHT and CVD 

techniques [69, 80]. However, the method to synthesize large quantities of single-digit 

nanometer-sized GeV- and SnV-NDs, which is necessary for their practical applications, 

has not been found. In this study, the GeV- and SnV-NDs syntheses were carried out by 

the detonation process (GeV- and SnV-DNDs, respectively) with the aromatic compound 

as dopants. In addition, the SiV-DNDs were resynthesized to compare the amounts of the 

GeV- and SnV- DNDs produced under the same conditions. The thermodynamics and 
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kinetics of the detonation reactions for the G4V-DNDs production are discussed, and the 

reasons for the success and limitation of their direct synthesis are explained. 

5.2 Experimental detail in Chapter 5 

5.2.1 Synthesis and structural characterization 

The typical detonation process for the DNDs production was performed using a 

mixed explosive consisting of 60 wt% and 40 wt% RDX by compression to form a 

cylindrical charge with a total mass of 60 g. This mixed explosive was referred to as the 

TR-explosive in Chapters 2–4 and was also referred to in this chapter. For the G4V-DNDs 

synthesis, 0.6 g of each dopant was added in the course of the TR-explosive preparation. 

Tetraphenylsilane (TPS; Tokyo Chemical Industry Co., Ltd.), tetraphenylgermane (TPG; 

Tokyo Chemical Industry Co., Ltd.), and tetraphenyltin (TPT; Tokyo Chemical Industry 

Co., Ltd.), whose chemical structures are shown in Figure 5.1, were selected as the group 

IV dopants (hereinafter referred to as “Si-, Ge-, and Sn-explosives,” respectively). Melting 

points of TPS, TPG, and TPT are 235–238, 231–233, and 226–228 °C, respectively [139–

141]. All dopants are powdery solids at ambient pressure and temperature; therefore, they 

could be well mixed with TNT and RDX powders. The resultant mixtures could be molded 

by pressing into a cylindrical shape. The bulk densities of the TR-, Si-, Ge-, and Sn-

explosives were 1.52, 1.54, 1.55, and 1.55 g cm⁻3, respectively. All of the explosives were 

individually detonated under a CO2 atmosphere. The detonation products were purified by 

the acid-, alkali treatments and air-oxidization at 470 °C for 2 h. These purified sample 

structures were characterized by powder XRD analyses, XRF measurements, and TEM 

observations. The formation of G4V⁻ centers in DNDs generated from the four kinds of 
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explosives was investigated by PL measurements. These original methods were described 

in Chapter 2.1. 

 

Figure 5.1 – Chemical structures of dopants: TPS, TPG, and TPT. 

5.2.2 Quantum chemical calculation 

Free energies of the group IV dopants (C24H20M, M: Si, Ge, and Sn), group IV 

dioxides (MO2), and the G4V-DNDs were calculated by following procedures: (i) 

investigation of their optimized geometries; (ii) calculations of their total electronic 

energies and corrections of their thermal free energies. These corrections were considered 

under 3675 K as the temperature of the detonation reaction. This temperature is the 

conditions at the CJ point (the details described in Chapter 1.4) of the 1.6 g cm⁻1 mixed 

explosive consisting of 60 wt% TNT and 40 wt% RDX used for the DNDs productions 

[116].  
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5.2.2.1 Geometry optimization 

The conformers of the group IV dopants—TPS (C24H20Si), TPG (C24H20Ge), and 

TPT (C24H20Sn)—were generated by rotating the four phenyl groups at 120-degree 

intervals, and the molecular mechanical energies were evaluated using the CONFLEX 

program in SCIGRESS [142, 143]. The two most stable conformers were then identified 

among all the generated conformers, which have C1 and C2v symmetries. The most stable 

conformer of each group IV dopant was determined by evaluating the total electronic 

energies of the two conformers at the DFT/B3LYP/def2-SVP level of theory using the 

Gaussian 16 package and by comparing them with each other [144]. The optimized 

geometries of the group IV dopants are shown in Figure 5.2, all of which have C1 symmetry. 

The four bond lengths between the group IV atom and phenyl carbon atom are the same as 

each other, and the bond lengths in TPS, TPG, and TPT are 0.190, 0.197, and 0.217 nm, 

respectively. 

Figure 5.2 – Structural models after optimization of group IV dopants (C24H20M, M 
denotes a group IV atom): (a) TPS (C24H20Si), (b) TPG (C24H20Ge), and (c) TPT 
(C24H20Sn). Gray and white balls represent carbon and hydrogen atoms, respectively. 
Pink, green, and blue balls denote silicon, germanium, and tin atoms, respectively. 

  

(a) (b) (c) 
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The group IV dioxides—silicon dioxide (SiO2), germanium dioxide (GeO2), and 

tin dioxide (SnO2)—are considered to be in the gas phase because they exist under 

detonation processes with 3675 K. Therefore, these dioxides were dealt with as molecules 

in the gas phase and optimized their geometries at the DFT/B3LYP/def2-SVP level of 

theory using the Gaussian 16 package [144], as shown in Figure 5.3. The bond lengths 

between group IV and oxygen atoms in SiO2, GeO2, and SnO2 are 0.152, 0.163, and 

0.184 nm, respectively. 

Figure 5.3 – Structural models after optimization of group IV dioxides (MO2): (a) 
silicon dioxide (SiO2), (b) germanium dioxide (GeO2), and (c) tin dioxide (SnO2). Red, 
pink, green, and blue balls represent oxygen, silicon, germanium, and tin atoms, 
respectively. 

Model compounds of the G4V-DNDs (SiV-, GeV-, and SnV-DND) used in these 

calculations were adopted and then optimized. In each G4V⁻ center, a corresponding group 

IV atom (M: Si, Ge, and Sn) lies between two nearest-neighbors carbon vacancies (V) in a 

diamond, and the molecular structure has D3d symmetry [55–57]. Therefore, each G4V-

DND model compound should be constituted as its geometry maintains D3d symmetry. 

Moreover, although even a spherical DND particle of 4.2 nm size comprises almost 7000 

carbon atoms [145], the number of constituent atoms in the adopted model compounds is 

subjected to restriction by at most a few hundred carbon atoms owing to the limitation of 

the computational cost for quantum chemical calculation. Under these conditions, H-

terminated carbon clusters C104[V-M-V]⁻H86 with each G4V⁻ center represented by “[V-

M-V]⁻” laid in its central position, which has a doublet spin state [65, 83, 146–148], were 

(a) (b) (c) 
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adopted as the model compounds. Geometric optimizations of the cluster models C104[V-

M-V]⁻H86 were conducted at the DFT/B3LYP/def2-SVP level of theory using the 

Gaussian 16 package under the restriction of preserving the D3d symmetry to reproduce the 

diamond structure containing a G4V⁻ center [144]. The optimized geometries are shown in 

Figure 5.4. The six interatomic distances between the group IV atom and the first adjacent 

carbon atoms are identical. The distances in C104[V-Si-V]⁻H86, C104[V-Ge-V]⁻H86, and 

C104[V-Sn-V]⁻H86 are 0.201, 0.205, and 0.214 nm, respectively. The clusters can be 

considered adequate model compounds of the G4V-DNDs for the following reasons. 

Firstly, the terminal H atoms do not significantly influence the electronic state of the G4V⁻ 

center because the H atoms are remote from the group IV atom beyond more than three 

chemical bonds. Secondly, the structural deviations between the second and third adjacent 

carbon atoms of the group IV atom in C104[V-M-V]⁻H86 and those in C104[C-C]H86 are very 

small by 0.005-0.006 nm atom⁻1; C104[C-C]H86 is a reference compound of the undoped-

DND and is optimized by the same quantum chemical method because its geometry 

maintains the D3d symmetry [83, 147, 149]. Therefore, if the fourth adjacent carbon atoms 

are added to the clusters, and these clusters are subsequently optimized, the fourth adjacent 

carbon atoms hold the corresponding positions of the carbon atoms in an ideal diamond 

crystal. It is thus unnecessary to add such fourth adjacent carbon atoms from a geometrical 

point of view.
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5.2.2.2 Calculation of total electronic energy and correction of thermal free energy 

The total electronic energies of the group IV dopants (C24H20M), group IV dioxides 

(MO2), and G4V-DND model compounds (C104[V-M-V]⁻H86) were calculated at their 

optimized geometries. Their thermal free energy corrections were evaluated by vibrational 

analysis under 3675 K. As a prerequisite, the method supposes the vibrational partition 

functions that can be derived based on harmonic oscillator approximations [150]. At the 

detonation reaction temperature, the compounds in this system vibrate with large 

amplitudes. Subsequently, the corresponding harmonic oscillator partition functions may 

not start to correct the thermal free energy properly. An analogous carbon system has been 

studied by similar methods for correction of the thermal free energies, where stabilities of 

metallofullerenes and C13 carbon clusters were investigated in 0–4500 K [151, 152]. 

According to these previous studies, the method can be applied to the high-temperature 

condition at the detonation reaction. 

5.3 Results 

5.3.1 Structural characterization 

XRD patterns of the purified detonation products obtained from the TR-, Si-, Ge-, 

and Sn-explosives are shown in Figure 5.5. All the patterns show three major diffraction 

peaks that originate from the (111), (220), and (311) planes of the diamond. Therefore, all 

products were confirmed to have diamond crystal structures. The average crystallite sizes 

of the diamonds were calculated on the basis of (111) diffraction peaks in each pattern 

using Scherrer's formula, which are approximately particle sizes of the DNDs. In the 

diamonds produced from the TR-, Si-, Ge-, and Sn-explosives, the average crystallite sizes 
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were 6.3, 7.7, 7.2, and 5.9 nm, respectively. The particle sizes were verified by the TEM 

observations. Figures 5.6a–d show TEM images of the diamonds produced by the TR-, Si-, 

Ge-, and Sn-explosives, respectively. The particle sizes in the TEM images were calculated 

assuming a spherical shape. The calculation did not include parts with unclear boundaries 

of adjacent particles, such as those shown by the yellow squares in the TEM images. 

Figure 5.6e shows the particle size distributions calculated from the TEM images. The 

particle sizes were distributed from a few nanometers to larger than 10 nm. The most 

frequent particle sizes of the diamonds obtained from the TR-, Si-, Ge-, and Sn-explosives 

in Figure 5.6e were approximately consistent with their average crystallite sizes calculated 

by the Scherrer formula. DNDs were thus synthesized from all explosives as in a typical 

detonation process, irrespective of the dopants. The DNDs originated from the TR-, Si-, 

Ge-, and Sn-explosives are hereinafter referred to as “undoped-, Si-, Ge-, and Sn-DNDs,” 

respectively. 
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Figure 5.5 – XRD patterns of detonation products obtained from (a) TR-, (b) Si-, (c) 
Ge-, and (d) Sn-explosives. Circles denote cubic diamond structure. 
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Figure 5.6 – TEM images of aggregated (a) undoped-, (b) Si-, (c) Ge-, and (d) Sn-
DNDs. Yellow squares in (a)-(d) are areas of particle sizes that were excluded from 
calculations owing to unclear boundaries between adjacent particles. (e) Particle size 
distributions were obtained from TEM images. 
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Table 5.1 shows the elemental composition of the undoped-, Si-, Ge-, and Sn-DNDs 

provided by the XRF measurements. This elemental analysis is unsuitable for 

quantitatively characterizing elements with a low atomic number (e.g., carbon, nitrogen, 

and oxygen) [153]. In particular, nitrogen remains undetected despite being a major 

component of the DNDs as well as carbon and oxygen [89, 154, 155]. Nitrogen is mainly 

supplied by the explosives themselves. In addition, all samples were the detection of water 

oxygen adsorbed on the surface of the DNDs and a minimal amount of silicon, probably 

derived from the water used to recover the detonation products. Therefore, quantitative 

evaluation of the elements that compose the DNDs by the XRF measurements alone is 

difficult. On the other hand, the elemental concentrations of the four types of DNDs can be 

compared qualitatively because they were measured under the same conditions. The 

elemental concentrations of Si, Ge, and Sn in the Si-, Ge-, and Sn-DNDs are higher than 

those of the other DNDs analyzed, respectively. Thus, the corresponding dopants supplied 

the atoms of each group IV element to Si-, Ge-, and Sn-DNDs.  
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Table 5.1 – Elemental composition of each sample (mass%). 

Element Undoped-DNDs Si-DNDs Ge-DNDs Sn-DNDs 

C 92 92 92 91 

O 7.5 7.9 8.1 8.4 

Al N.D.a) 0.0073 N.D.a) 0.021 

Si 0.0077 0.086 0.049 0.047 

P N.D.a) N.D.a) 0.0043 N.D.a) 

S 0.022 0.021 0.017 0.016 

Cl 0.073 0.039 0.024 0.034 

K N.D.a) N.D.a) 0.0031 0.0047 

Ca N.D.a) 0.022 N.D.a) 0.013 

Ti N.D.a) 0.032 0.018 0.023 

Fe 0.0069 0.016 0.011 0.011 

Ni N.D.a) 0.0017 0.0028 0.0024 

Cu 0.0027 0.0065 0.0022 0.0071 

Ge N.D.a) 0.0034 0.021 0.0086 

Sn N.D.a) N.D.a) N.D.a) 0.0062 
a) N.D.: Not detected 

PL spectral measurements of the Si-, Ge-, and Sn-DNDs were performed at room 

temperature. The PL intensities at 1.68, 2.06, and 2.00 eV, which are the ZPLs of the SiV⁻, 

GeV⁻, and SnV⁻ centers, are mapped in Figures 5.7a–c, respectively. Each map comprises 

10201 data points, each corresponding to a 1 × 1 µm region. The DNDs were densely 

packed in this measurement area. Figures 5.7a'–c' show representative PL spectra for the 

Si-, Ge-, and Sn-DNDs (spots 1, 2, and 3 indicated in Figures 5.7a–c, respectively) as black 

dots. In addition, the PL spectra of the undoped-DND are shown as red dots in 
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Figures 5.7a'–c' to investigate the baseline of those PL spectra originating from the DND 

structure. The PL intensity of the undoped-DND was normalized with respect to the PL 

intensity of the Si-, Ge-, and Sn-DNDs at 1.75, 2.12, and 1.85 eV [52, 64], respectively. 

The subtracted spectra between each doped-DND and undoped-DND are shown as blue 

dots in Figures 5.7a'–c'. These subtracted spectra of the Si- and Ge-DNDs have distinct 

peaks at approximately 1.68 and 2.06 eV (Figures 5.7a' and b'). These peak positions agree 

with the well-known energies of the ZPLs for the SiV⁻ and GeV⁻ centers, which suggests 

that the SiV- and GeV-DNDs were successfully synthesized via the detonation process 

using the explosives containing TPS and TPG as Si and Ge sources, respectively. This 

experiment did not perform an annealing process to couple the group IV atoms (M) and 

vacancies (V) required in the general procedure for preparing the G4V⁻ centers 

[83, 136, 147]. Although air-oxidation was performed at 470 °C as a post-treatment to 

remove trace amounts of sp2 carbon, the temperature is not sufficient to combine M and V 

as reported by Shimazaki et al.; on their SiV-DND preparation using impurity Si in DND, 

the annealing temperature required to couple Si and V in the DND was 1100 °C, and 

800 °C was insufficient [137]. Therefore, the SiV⁻ and GeV⁻ centers were generated during 

the DND formation process in the detonation reaction. In contrast, although the spectral 

shapes of the Sn-DNDs and undoped-DNDs are different, the ZPL of the SnV⁻ center is 

not found in the map in Figure 5.7c, as represented by Figure 5.7c'. 
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Figure 5.7 – Results of PL measurements for three types of doped-DNDs. PL intensity 
maps at (a) 1.68 eV for Si-DNDs, (b) 2.06 eV for Ge-DNDs, and (c) 2.00 eV for Sn-
DNDs. PL spectra corresponding to spots 1, 2, and 3 indicated in (a–c) are shown by 
black dots in (a'–c'), respectively. Red dots show PL spectra of undoped-DNDs, of 
which intensities are normalized with respect to that of Si-, Ge-, and Sn-DNDs at 1.75, 
2.12, and 1.85 eV, respectively. Subtracted spectra between each doped-DND (black 
dots) and undoped-DNDs (red dots) are shown by blue dots.  
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The numbers of data points in the maps in Figures 5.7a and b, where the spectra 

showing the ZPLs of the SiV⁻ and GeV⁻ centers such as spots 1 and 2 were observed, were 

counted to investigate the differences in the production amounts of the SiV- and GeV-

DNDs. The counting of the data points including the SiV- or GeV-DNDs was performed 

regardless of the PL intensity to eliminate the effect of their unknown absorption cross-

section. For the SiV- and GeV-DNDs (Figures 5.7a and b), 7050 and 1555 points were 

observed, respectively. Note that the map in Figure 5.7b shows not only the ideal spectrum 

of the GeV⁻ center, as in Figure 5.7b', but also a spectrum consisting of a peak at 

approximately 2.06 eV attributed to the ZPL of the GeV⁻ center and an unassigned peak at 

1.97 eV, as shown in Figure 5.8. Although the peak at 1.97 eV can be a phonon sideband 

of the ZPL, there is also room for emission from other defects because of its excessively 

higher relative intensity to ZPL compared to previous reports [62, 83]. However, because 

the spectrum shown in Figure 5.8 contains the ZPL of the GeV⁻ center, the number of data 

points showing such spectra on the map was also counted as data points including the GeV-

DNDs. The number of data points including the SiV-DNDs is larger than that of the GeV-

DNDs; therefore, the production of SiV-DNDs was found to be more favorable. The 

unassigned peak at 1.97 eV is discussed in Chapter 6. 
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Figure 5.8 – Another type of PL spectrum of GeV-DNDs. PL spectra for GeV- and 
undoped-DNDs are plotted as black and red dots, respectively. PL intensity of 
undoped-DNDs is normalized with respect to PL intensity of GeV-DNDs at 2.12 eV. 
Subtracted spectrum of GeV- and undoped-DNDs are plotted as blue dots. 

5.3.2 Quantum chemical calculation 

The total electronic energies of the G4V-DNDs (C104[V-M-V]⁻H86), group IV 

dopants (C24H20M), and group IV dioxides (MO2) were evaluated at the optimized 

geometries, which are designated as EଵሺMሻ , EଶሺMሻ  and EଷሺMሻ , respectively. Their 

calculated energies are listed in Table 5.2. In addition, vibrational analyses allowed for 

estimations of the corrections of thermal free energies for the model compounds of the 

G4V-DND, group IV dopants, and group IV dioxides at 3675 K, which are expressed as 

GଵሺM;𝑇ሻ , GଶሺM;𝑇ሻ  and GଷሺM;𝑇ሻ , respectively. The resultant corrections are 

demonstrated in Table 5.3. 
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Table 5.2 – Total electronic energies of model compounds of G4V-DND (C104[V-M-
V]⁻H86), group IV dopants (C24H20M), and group IV dioxides (MO2). Energy unit is 
in atomic units. 

M 
EଵሺMሻ 

(C104[V-M-V]⁻H86) 

EଶሺMሻ 

(C24H20M) 

EଷሺMሻ 

(MO2) 

Si −4301.53127150 −1215.38951832 −439.735831974 

Ge −6088.85498643 −3002.73791461 −2227.05597760 

Sn −4226.33190214 −1140.28420654 −364.591862294 

 

Table 5.3 – Corrections of thermal free energies at 3675 K for G4V-DND (C104[V-M-
V]⁻H86), group IV dopants (C24H20M), and group IV dioxides (MO2). Energy unit is 
in atomic units. 

M 
GଵሺM;𝑇ሻ 

(C104[V-M-V]⁻H86) 

GଶሺM;𝑇ሻ 

(C24H20M) 

GଷሺM;𝑇ሻ 

(MO2) 

Si −6.172200 −2.173138 −0.443483 

Ge −6.187622 −2.208038 −0.469007 

Sn −6.212044 −2.269380 −0.481704 

 

5.4 Discussion 

This section discusses the reasons for the differences in generated concentrations 

of each G4V-DND. HPHT synthesis of nano- and microdiamonds containing the G4V⁻ 

centers using group IV dopants with the same chemical structure as the present study has 

been reported by Ekimov et al. [69]. Although the formation mechanism of the product is 

undoubtedly different between the HPHT method and the detonation process, the 
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previously reported results are consistent with this present study in that the formation of 

the SiV⁻ and GeV⁻ centers was achieved, and only the SnV⁻ center was not produced. 

Ekimov et al. explained their results from reactivities with the group IV atoms and 

coexisting hydrogen atoms based on their employed HPHT system. On the other hand, the 

detonation reaction is dominated under thermodynamic control because the reaction 

proceeds under extreme conditions of approximately 25 GPa and 3675 K. The pressure and 

temperature correspond to the conditions at the CJ point (the details described in 

Chapter 1.4) of the 1.6 g cm⁻1 mixed explosive consisting of 60 wt% TNT and 40 wt% 

RDX used for the DNDs productions [116]. Therefore, the concentration ratios of the GeV- 

and SnV-DNDs to the SiV-DNDs were estimated from thermodynamic point of view and 

compared with the experimentally obtained data points of the G4V⁻ center luminescence 

in the PL-maps. To estimate the concentrations of the G4V-DNDs, it is first necessary to 

understand the mechanism of the DND formation. The dominant mechanism of the DND 

formation is that the self-decomposed explosive carbon species condense as droplet carbon 

(DC) and crystallize in the high-pressure and high-temperature environment of the 

detonation, on the basis of a nanoscale carbon phase diagram (the details described in 

Section 1.4) [90, 91]. In the case of the G4V-DND synthesis, group IV dopants (MPh4, M: 

Si, Ge, and Sn, Ph: phenyl group) are involved in the mechanism. Hereinafter, the G4V-

DND are expressed as the MV-DND to distinguish G4V⁻ centers with different M. 

Focusing on the MPh4, two reactions proceed simultaneously. In the reaction of 

Equation 5.1, the MPh4 is incorporated into the DC to form the M-DC, the precursor of the 

MV-DND. In the reaction of Equation 5.2, the oxidation of the MPh4 proceeds. The oxygen 

atoms of the explosives involved in these reactions can be regarded as substantially O2. 
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, 
(5.1) 

 

. 
(5.2) 

Although the reaction in Equation 5.1 includes the process of the DC agglomeration growth, 

I assumed an average DC size for a simple representation of the reaction. The length of the 

arrows indicates that the forward reaction is dominant in the equilibrium reaction since 

each oxide is thermodynamically stable in Equation 5.2. ∆𝐺ଵ୑  and ∆𝐺ଶ୑  are the free 

energy changes for Equations 5.1 and 5.2, respectively, which are dependent on M. The 

MV-DND generation by crystallization of the M-DC proceeds irreversibly in the latter 

stages of the detonation reaction. There is a sufficiently long time for this crystallization to 

begin; therefore, the two reactions can be considered to arrive at the chemical equilibrium 

state. The final concentration of the MV-DND is expected to be proportional to the 

concentration of the M-DC. Therefore, the concentration ratio of the M-DC (Ge- or Sn-

DC) to Si-DC, ሾM-DCሿ/ሾSi-DCሿ, is calculated in this discussion. Here, the conversion of 

the MPh4 in Equations 5.1 and 5.2 under the extreme conditions of detonation is considered 

to be approximately 100%; therefore, the M-DC yield can be equated with the selectivity 

of their reactions, 𝑁୑ . In addition, because the MO2 is the most stable compound 

containing M, it should be produced far more than the M-DC. Therefore, 𝑁୑  can be 

approximated by Equation 5.3, 
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𝑁୑ ൌ

ሾM-DCሿ
ሾM-DCሿ ൅ ሾMOଶሿ

ൎ
ሾM-DCሿ
ሾMOଶሿ

 . (5.3) 

The respective thermodynamic equilibrium constants 𝐾ଵ୑  and 𝐾ଶ୑  on Equations 5.1 

and 5.2 are obtained by applying the law of mass action to these equations as follows: 

 
𝐾ଵ୑ ൌ 𝐾ஓଵ୑

ሾM-DCሿሾHଶOሿଵ଴

ሾMPସሿሾDCሿሾOଶሿହ
ൌ exp ൬

െ∆𝐺ଵ୑
𝑅𝑇

൰ , (5.4) 

 
𝐾ଶ୑ ൌ 𝐾ஓଶ୑

ሾMOଶሿሾHଶOሿଵ଴ሾCOଶሿଶସ

ሾMPସሿሾOଶሿଷ଴
ൌ exp ൬

െ∆𝐺ଶ୑
𝑅𝑇

൰ , (5.5) 

where 𝐾ஓଵ୑ and 𝐾ஓଶ୑ are constants determined by the activity coefficient of each species, 

and 𝑅 and 𝑇 are gas constant (8.31 × 10⁻3 kJ mol⁻1 K⁻1) and the absolute temperature of 

the detonation reaction, respectively. Hence, 𝑁୑ is expressed as Equation 5.6: 

 
𝑁୑ ൌ

𝐾ଵ୑
𝐾ଶ୑

𝐾ஓଶ୑
𝐾ஓଵ୑

ሾDCሿሾCOଶሿଶସ

ሾOଶሿଶହ
 . (5.6) 

Because the amount of the MPh4 added to the explosive is so small as 1 wt%, the changes 

in the amounts of the DC, CO2, and O2 involved in the reactions of Equations 5.1 and 5.2 

are negligible in the overall detonation reaction. Therefore, the factor ሾDCሿሾCOଶሿଶସ/ሾOଶሿଶହ 

in Equation 5.6 can be regarded as a constant, and the concentration ratio of the MV-DND 

(Ge- or Sn-DND) to the SiV-DND can be derived as follows: 

 ሾM-DCሿ
ሾSi-DCሿ

ൌ
𝑁୑
𝑁ୗ୧

ൎ
𝐾ଵ୑
𝐾ଶ୑

𝐾ଶୗ୧
𝐾ଵୗ୧

𝐾ஓଶ୑
𝐾ஓଵ୑

𝐾ஓଵୗ୧
𝐾ஓଶୗ୧

ൎ exp ቊ
െ൫∆∆𝐺ଵ୑/ୗ୧ െ ∆∆𝐺ଶ୑/ୗ୧൯

𝑅𝑇
ቋ. (5.7) 
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The homologous elements exhibit similar chemical behavior; therefore, deviations from 

the ideal behavior of the M-DC and the MO2 are also considered to be identical to the Si-

DC and the SiO2, respectively. Thus, ൫𝐾ஓଵୗ୧/𝐾ஓଵ୑൯ and ൫𝐾ஓଶ୑/𝐾ஓଶୗ୧൯ in the derivation of 

Equation 5.7 can be approximated as 1. ∆∆𝐺ଵ୑/ୗ୧ and ∆∆𝐺ଶ୑/ୗ୧ correspond to the relative 

free energies calculated by ∆𝐺ଵ୑ െ ∆𝐺ଵୗ୧  and ∆𝐺ଶ୑ െ ∆𝐺ଶୗ୧ , respectively. Thus, these 

reactions with relative free energy changes can be summarized from Equations 5.1 and 5.2 

as Equations 5.8 and 5.9, respectively. 

 

, 
(5.8) 

 

. 
(5.9) 

The relative free energies ∆∆𝐺ଵ୑/ୗ୧ and ∆∆𝐺ଶ୑/ୗ୧ are subtractions of the total electronic 

energies with the corrections of the thermal free energies of the reactant species from those 

of the product species in Equations 5.8 and 5.9, respectively. However, it is difficult to 

calculate the total electronic energies of the Si- and M-DC (Ge- or Sn-DC). Here, the free 

energy change is zero along the coexistence line in the phase diagram; hence, the free 

energy changes from the Si- and M-DC to the SiV- and MV-DND (GeV- or SnV-DND) in 

the neighborhood of the coexistence line can both be regarded as approximately zero. 

Therefore, the values of ∆∆𝐺ଵ୑/ୗ୧ are not affected when the Si- and M-DC are substituted 

by the SiV- and MV-DND, respectively. Thus, ∆∆𝐺ଵ୑/ୗ୧ was calculated using the total 

electron energy of the Si- and MV-DND instead of the Si- and M-DC. According to 

thermodynamics, the relative free energies for the generation of the MV-DND and the MO2 
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(Equations 5.8 and 5.9, respectively) at temperature T, ∆∆𝐺ଵ୑/ୗ୧  and ∆∆𝐺ଶ୑/ୗ୧ , can be 

calculated by Equations 5.10 and 5.11, respectively, using the values of E௜ሺMሻ  and 

G௜ሺM;𝑇ሻ in Tables 5.2 and 5.3: 

 ∆∆𝐺ଵ୑/ୗ୧ ൌ ∑ 𝜈௜ሼെE୧ሺMሻ െ G௜ሺM;𝑇ሻ ൅ E௜ሺSiሻ ൅ G௜ሺSi;𝑇ሻሽଶ
௜ୀଵ  , (5.10) 

 ∆∆𝐺ଶ୑/ୗ୧ ൌ ∑ 𝜈௜ሼE௜ାଵሺMሻ ൅ G௜ାଵሺM;𝑇ሻ െ E௜ାଵሺSiሻ െ G௜ାଵሺSi;𝑇ሻሽ ଶ
௜ୀଵ , (5.11) 

where 𝜈௜  denotes a stoichiometric coefficient. 𝜈ଵ  and 𝜈ଶ  are equal to −1 and +1, 

respectively. Table 5.4 summarizes the values of ∆∆𝐺ଵ୑/ୗ୧ and ∆∆𝐺ଶ୑/ୗ୧ calculated by the 

quantum chemical method and vibrational analysis, and the equilibrium concentration 

ratios of the GeV- and SnV-DNDs to the SiV-DNDs estimated by Equation 5.7. 𝑇 used in 

the correction of the thermal free energies and calculation of Equation 5.7 was taken to be 

3675 K for the detonation temperatures of the TR-explosive at 1.6 g cm⁻3 [116]. According 

to this thermodynamic estimation, the concentration of the SnV-DND compared with that 

of the SiV-DND is almost zero, which is consistent with the experimental results that the 

SnV-DNDs were undetected in the PL-map. The thermodynamically calculated ratio of the 

GeV-DND production concentration to the SiV-DNDs is approximately 0.6, similar to the 

order of the ratio of experimentally detected data points in the PL maps of 0.22. Hence, the 

thermodynamics of the detonation reactions could explain the experimental results. The 

SiV-DND was produced at higher concentrations than the GeV- and SnV-DND owing to 

the thermodynamic advantage of the reaction. 
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Table 5.4 – Calculation results for relative free energies of Equations 5.8, 5.9, and 
equilibrium concentration ratios of GeV- and SnV-DNDs to SiV-DNDs. Thermal free 
energies were corrected under 3675 K.  

M 
∆∆𝐺ଵ୑/ୗ୧ 

[kJ mol⁻1] 

∆∆𝐺ଶ୑/ୗ୧ 

[kJ mol⁻1] 

ሾMV-DNDሿ/ሾSiV-DNDሿ 

Calculation Experimenta) 

Ge 116   99 0.57 0.22 

Sn 395 254 0.01   0.00b) 
a) Ratio of the number of data points where spectra containing the ZPL of each G4V⁻ center 
were detected in PL-maps; b) SnV-DNDs were not detected in PL measurements. 

The generation ratio of the G4V-DNDs was well explained by thermodynamics of 

the detonation reaction. However, the concentration ratio of the GeV-DNDs to the SiV-

DNDs evaluated experimentally is slightly smaller than the calculated value. This 

difference may be due to the slight effect of kinetics. The detonation processes were 

identical except for the dopants used as the group IV atom sources. Therefore, this 

discussion focuses on the differences in the chemical structures of the dopants with 

tetraphenyl structures. In the study in Chapter 4 regarding the SiV-DNDs synthesis, it was 

proposed that the interaction between the aromatic ring structure of the Si-dopant and that 

of TNT has an essential role in the doping of Si. According to this proposal, it is necessary 

for group IV atom doping that the M−C bond between M and the aromatic ring be 

maintained in the detonation reaction; the bond energies of the Si–C, Ge–C, and Sn–C were 

272, 264, and 216 kJ mol⁻1, respectively [156]. The kinetic rate of cleavage of these bonds 

𝑘୑ can be expressed using Arrhenius equation: 
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𝑘୑ ൌ 𝐴୑expቆ

െ𝐸ୟ୑

𝑅𝑇
ቇ , (5.12) 

where 𝐴୑ and 𝐸ୟ୑ are the frequency factor and the activation energy of the cleavage of 

each M−C bond (M: Si, Ge, and Sn), respectively. R and T are the gas constant 

(8.31 × 10⁻3 kJ mol⁻1 K⁻1) and the detonation temperature 3675 K, respectively, which are 

the same as the discussion based on thermodynamics. If 𝑘ୗ୧ is adopted as a reference for 

the kinetic rate, then relative kinetic rates of 𝑘ୋୣ and 𝑘ୗ୬ can be expressed as follows: 

 
𝑘ୗ୧
୑ ൌ

𝑘୑
𝑘ୗ୧

ൌ
𝐴୑
𝐴ୗ୧

exp ቊ
െ൫𝐸ୟ୑ െ 𝐸ୟୗ୧൯

𝑅𝑇
ቋ , (5.13) 

where 𝑘ୗ୧
୑ is the relative kinetic rate, and M is eligible for only Ge and Sn. Here, 𝐴୑ can 

be supposed to be a similar value to 𝐴ୗ୧ owing to the chemical analogues of M (Ge or Sn) 

to Si. In addition, if the difference in the activation energy between Ea
M and 𝐸ୟୗ୧ can be 

regarded as that in bond energy ∆𝐸୆, Equation 5.13 can be approximated as follows: 

 
𝑘ୗ୧
୑ ൎ exp ൬

െ∆𝐸୆
𝑅𝑇

൰ . (5.14) 

The results of the calculations are shown in Table 5.5. The dopants used as the Ge (Ge-

dopant, TPG) and Sn (Sn-dopant, TPT) sources lose the aromatic ring structure, which 

plays an essential role in doping the group IV atoms into the carbon clusters during the 

detonation reactions, i.e., more rapidly than the Si source dopant (Si-dopant, TPS). 

Therefore, the generation of the SiV-DNDs is more advantageous than that of the GeV- 

and SnV-DNDs from a kinetic point of view. The experimentally determined concentration 
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ratio of the GeV-DND to the SiV-DND was probably lower than one thermodynamically 

estimated owing to the kinetic effect of each dopant. However, the kinetic effect is limited 

compared to the thermodynamic effect because the detonation reaction proceeds in extreme 

conditions. 

Table 5.5 – Relative kinetic rates of Ge- and Sn-dopants calculated with respect to Si-
dopant at 3675 K. 

M 𝑘ୗ୧
୑ 

Ge 1.30 

Sn 6.27 

 

5.5 Summary 

The synthesis of the G4V-DNDs was performed by the detonation process using the 

dopant molecules with group IV atoms centered on tetraphenyl compounds. The direct 

synthesis of the SiV- and GeV-DNDs was confirmed by the observation of the ZPLs in 

their PL spectra. However, the SnV-DNDs were not produced in detectable concentrations 

in PL measurements. According to the PL-maps, the SiV- and GeV-DNDs were observed 

in 7055 and 1555 data points, respectively, among a total of 10201 data points. Therefore, 

this synthesis process favorably produced the G4V-DNDs composed of elements with 

smaller atomic numbers. According to the amount of the produced G4V-DNDs, the 

contribution of thermodynamics to the reaction was more dominant over than that of 

kinetics, dependent on the molecular structure of the dopant in this reaction. The successes 

and limitations of the G4V-DND direct synthesis by the detonation process can be 
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explained by the influence of each group IV atom on the chemical equilibrium in the 

process. 
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Chapter 6. Optical properties of silicon- or germanium-vacancy 

centers-containing nanodiamonds fabricated by detonation process 

6.1 Introduction 

In the previous Chapters 4 and 5, the mass productions of the SiV- and GeV-NDs 

were demonstrated via the detonation process using the aromatic compounds as the group 

IV dopants. An understanding of their optical properties is indispensable for their 

applications. The optical properties of the SiV⁻ and GeV⁻ centers have been widely studied 

using bulk-sized diamonds containing them, as described in Chapter 1.2. Representative 

optical properties of the SiV⁻ and the GeV⁻ centers are exhibited in their ZPLs located at 

1.68 and 2.06 eV [65], respectively. The ZPLs of SiV⁻ and GeV⁻ centers appear in their 

PL spectra as narrow peaks with linewidths of ~11.4 and ~17.1 meV [52], respectively. 

Moreover, their luminescence is concentrated in the ZPLs, whose DWFs are over 0.6 [64]. 

These optical properties are derived from their split-vacancy structure with D3d symmetry 

isolated from the carbon bonding network which strongly suppresses their electron–phonon 

couplings (the split-vacancy structure illustrated in Figure 1.4) [56, 60]. As additional 

features of their luminescence, the PL spectra of the SiV⁻ and GeV⁻ centers have also been 

reported to show peaks attributed to local vibrational modes (LVMs) of the diamond lattice 

at low energies of ~64 and ~45 meV from their ZPLs, respectively [157]. For the SiV⁻ 

center, its radiative decay time was calculated as 6.24 ns by experimental results [158]. 

These reported values have generally been accepted as the optical properties exhibited by 

ideal SiV⁻ and GeV⁻ centers. However, the optical properties of the SiV⁻ and GeV⁻ centers 

in NDs and an understanding of their particle size effect have not been studied well. In this 
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chapter, the optical properties of the SiV⁻ and GeV⁻ centers inside extremely small NDs 

synthesized by the detonation process (the SiV⁻ and the GeV⁻ centers in DNDs, 

respectively) were systematically investigated by spectroscopy. Moreover, the particle size 

effect on the color centers was discussed by comparing the optical properties of the SiV⁻ 

and GeV⁻ centers in DNDs and ideal ones in bulk-sized diamonds. 

6.2 Experimental detail in Chapter 6 

6.2.1 Synthesis and structural characterization 

1000 g of a mixed explosive consisting of 60 wt% TNT and 40 wt% RDX (TR-

explosive) was used to fabricate the undoped-DNDs. This chapter used large amounts of 

explosives compared with Chapters 3–5 (60 g as the TR-explosive) to obtain a large 

volume of DND samples. Explosives for SiV- and GeV-DNDs productions were prepared 

by adding 10 g of TPSOH (Tokyo Chemical Industry Co., Ltd.) and TPG (Tokyo Chemical 

Industry Co., Ltd.) as dopants in TR-explosive, respectively (Si- and Ge-explosives, 

respectively). Their chemical structures and properties are described in Chapters 3.3.5 

and 5.2.1. They could be well mixed with TNT and RDX powders. The resultant mixtures 

could be molded by pressing them into a cylindrical shape. The bulk densities of the TR-, 

Si-, and Ge-explosives were 1.59, 1.54, and 1.55 g cm⁻3, respectively. Each of the three 

explosives was detonated under a CO2 atmosphere. The detonation products were purified 

by the acid-, alkali treatments and air-oxidization at 470 or 570 °C for 2 h. These purified 

samples were confirmed to be DNDs by powder XRD analyses and TEM observations. 

These details are described in Chapter 2.1. 
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6.2.2 Investigation of optical properties 

The air-oxidized DNDs for optical measurements were prepared by dropping 100 µL 

of 10 wt% aqueous suspensions of each DND onto glass substrates and drying them (drop-

cast samples). PL measurements of the undoped-, SiV-, and GeV-DNDs were performed 

using the handmade system schematically shown in Figure 6.1. A Yb: KGW laser (Pharos, 

Light Conversion) operating at 1 kHz with a 200 fs pulse width and 0.2 mJ pulse energy at 

an output energy of 1.204 eV was used to pump an optical parametric amplifier (OPA; 

Orpheus-HP, Light Conversion) and to generate excitation pulses with energy in the range 

of 1.80–3.54 eV. The excitation laser beam was guided through a circular pinhole for all-

optical experiments. Luminescence was spectrally dispersed by a spectrometer (SpectraPro 

HRS-300, Acton Research) equipped with a 150 grooves mm⁻1 grating and was detected 

using an air-cooled CCD camera (PIXIS 256, Princeton Instruments). In the case of low-

temperature measurements, the drop-cast samples were cooled using a He cryostat and 

excited by the laser with an energy of 2.34 eV. 

 

Figure 6.1 – Schematic of optical system for PL experiments. 
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For time-resolved PL measurements of the SiV- and GeV-DNDs, the same optical 

system shown in Figure 6.1 was employed. The SiV- and GeV-DNDs samples were excited 

by an excitation laser with an energy of 2.34 and 2.38 eV, respectively. Luminescence was 

detected by a streak camera (C14831, Hamamatsu Photonics) interfaced with a 

spectrometer (SpectraPro 300i, Acton Research) equipped with a 50 grooves mm⁻1 grating. 

This optical system recorded time-resolved spectra on timescales of 1000, 100, and 20 ns 

with time resolutions of 1.4, 0.14, and 0.027 ns, respectively. 

The photostability of the SiV⁻ or GeV⁻ centers in DNDs was evaluated according to 

the method of Reineck et al., as follows [159]. Colloidal solutions of the SiV- or GeV-

DNDs were prepared by sonicating 750 mg of each DNDs in 15 mL of DI water using an 

ultrasound horn (UP-400S, Hielscher Ultrasonics) at 180 W for 3 h to ensure proper 

dispersion. The dispersions were centrifuged (CR22G, Hitachi Koki) at 13200 × g for 1 h. 

The supernatant was separated, and DI water was added to the separated supernatant to 

prepare the SiV- or GeV-DNDs at a concentration of 1 wt%. The concentrations were 

confirmed by measuring the weights of the SiV- or GeV-DNDs remaining after the 

prepared dispersions were dried. The 1 wt% water dispersions of the SiV- or GeV-DNDs 

were filled into a glass capillary with an inner diameter of 10 µm and an outer diameter of 

1 mm. The PL intensities of the colloidal samples were measured over time using the 

system shown in Figure 6.1, which was equipped with a CW laser with an excitation energy 

of 2.33 eV (LCX-532S, Oxxius). The samples were irradiated with the CW laser at 

7.1 kW cm⁻2, and the PL measurements were performed every 15 s. 
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6.3 Results and discussion 

6.3.1 Structural characterization 

XRD patterns of the SiV- and GeV-DNDs are shown in Figure 6.2, which have three 

major diffraction peaks originating from the (111), (220), and (311) planes of the diamond. 

The average crystallite sizes, approximately the average particle sizes of the DNDs, were 

calculated using Scherrer’s formula on the basis of (111) diffraction peaks showing the 

strongest diffraction intensities. The average sizes of the SiV-DNDs air-oxidized at 470 

and 570 °C were 8.1 and 10.8 nm, respectively. The average sizes of the GeV-DNDs 

purified by the air-oxidation at 470 and 570 °C were 7.4 and 9.1 nm, respectively. Their 

particle size distributions were obtained by the TEM observations. Figures 6.3a–d show 

TEM images of the SiV- and GeV-DNDs air-oxidized at different temperatures. The SiV-

DNDs air-oxidized at 570 °C do not have a well-defined sphere shape like the other DNDs. 

The sizes of particles in the TEM images were calculated by assuming a spherical shape 

because the particle sizes of such non-spherical particles were difficult to determine. In 

addition, the calculation did not include particles with unclear boundaries of adjacent 

particles in yellow squares indicated in the TEM images. Figure 6.3e shows the particle 

size distributions calculated from the TEM images. The most frequent particle sizes of all 

samples in Figure 6.3e are consistent with the average values calculated from the XRD 

patterns. However, the particle size distributions of the SiV- and GeV-DNDs air-oxidized 

at 470 °C are broader and contain larger particles than those fabricated in Chapters 4 and 5. 

These size changes were explained by a well-known positive correlation of the explosive 

weight with the particle size [105]. In this chapter, the explosive weights were increased 

from 60 g in the previous chapters to 1000 g in order to scale up the SiV- and GeV-DNDs 



 

 104

production. The exothermic chemical reaction zone in which the explosive molecules 

decompose (the details described in Chapter 1.4) increased with the explosive size, 

allowing the carbon condensation and crystallization processes to continue on a longer time 

scale for larger explosives. Hence, larger particles of the SiV- and GeV-DNDs air-oxidized 

at 470 °C were produced in this chapter. The changes in the particle size depending on the 

air-oxidation temperatures are discussed in the next paragraph. 

 

Figure 6.2 – XRD patterns of (a, b) SiV- and (c, d) GeV-DNDs. These air-oxidization 
temperatures were (a, c) 470 and (b, d) 570 ºC. Asterisks denote a cubic diamond 
structure.  
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Figure 6.3 – TEM images of aggregated (a, b) SiV- and (c, d) GeV-DNDs. These air-
oxidization temperatures were (a, c) 470 and (b, d) 570 ºC. Yellow squares in (a)–(d) 
are excluded areas in the particle size calculations owing to unclear boundaries 
between adjacent particles. (e) Particle size distributions obtained from TEM images.  
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The results of the XRD analyses and the TEM observations indicate that the particle 

sizes of the DNDs depend on the air-oxidation temperature. The air-oxidation conditions, 

yields, and particle sizes are shown in Table 6.1. The DNDs oxidized at 470 °C hardly lost 

their weight, whereas those oxidized at 570 °C lost approximately 95 wt%. The high-

temperature condition caused an increase in particle size and a decrease in yield. 

Osswald et al. reported similar results and pointed out that larger particles observed after 

the oxidation treatment were present in the sample before the treatment [160]. My 

experimental results summarized in Table 6.1 can be similarly explained by the discussion 

of Osswald et al. Only relatively large particles survived the air-oxidation process at 570 °C, 

while particularly small DNDs, such as those with a single-digit-nanometer diameter, were 

decomposed and/or combusted. 

Table 6.1 – Yield and primary particle size of SiV- and GeV-DNDs after air-oxidation. 

Sample 

Air-oxidization conditions 
Yield 
[wt%] 

Average 
particle sizea) 

[nm] 
Temperature 

[°C] 
Time 
[h] 

SiV-DNDs 
470 2 86.3   8.1 

570 2   4.6 10.8 

GeV-DNDs 
470 2 89.4   7.4 

570 2   5.8   9.1 
a) Calculated by Scherrer's formula using the (111) diffraction peaks. 
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The PL measurements were performed using the optical system shown in Figure 6.1 

to investigate the influence of the air-oxidation temperatures on luminescence from the 

SiV- and GeV-DNDs. PL spectra of the SiV- and GeV-DNDs air-oxidized at 470 and 

570 °C were recorded at room temperature using the laser with an excitation energy of 

2.34 eV, as shown in Figure 6.4. The luminescence from the SiV- and GeV-DNDs are 

composed not only of the ZPLs at 1.68 or 2.06 eV with PSB originating from the SiV⁻ and 

GeV⁻ centers but also of luminescence bands with a broad peak around 1.80 eV as 

baselines. Similar broad backgrounds have been observed in the spectra of SiV⁻ or GeV⁻ 

centers-containing bulk-sized diamonds/NDs fabricated by other methods [65, 80, 161–

163]. In the case of NDs with a size of 5–50 nm, such broadband luminescence presumably 

originates from surface defects [164]. Therefore, the broad backgrounds observed from the 

SiV- and GeV-DNDs originate in the diamond structures irrespective of those color centers. 

Moreover, the ZPL intensities of the SiV⁻ and GeV⁻ centers increased in the high-

temperature-treated samples. The increase in the ZPL intensity of the GeV-DNDs is 

particularly remarkable; the luminescence from the surface defects mentioned above is 

almost invisible in the PL spectrum of the GeV-DNDs air-oxidized at 570 °C. This increase 

in the ZPL intensities might be attributable to the average particle size and yield after the 

air-oxidization (see Table 6.1). According to Shershulin et al. [165], the smallest oxygen-

terminated diamond particle that can hold a stable SiV⁻ center is 8 nm. After the air-

oxidation at 570 °C, DNDs smaller than 8 nm were decomposed/combusted, and only the 

initially large particles (4.6 wt% of the total mass) capable of emitting SiV⁻ luminescence 

survived. The same process can be considered to occur for the GeV⁻ center as well as the 

SiV⁻ center. As a result, concentrations of the SiV⁻ or GeV⁻ centers in DNDs are increased. 
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In addition, the high-temperature air-oxidation might have eliminated defects quenching 

the PL from color centers [67, 160]. Since the luminescence intensities of the samples 

oxidized at 570 °C are stronger than the ones oxidized at 470 °C, the SiV- and GeV-DNDs 

oxidized at 570 °C were employed for subsequent optical measurements in Sections 3.2 

and 3.3, respectively. 

      

Figure 6.4 – PL spectra of (a) SiV- and (b) GeV-DNDs excited by 2.34 eV. Black and 
red dots indicate the spectra of air-oxidized samples at 470 and 570 ºC, respectively. 
Inset of (b) is a magnified view of PL spectrum of GeV-DNDs air-oxidized at 470 ºC.  

6.3.2 Optical properties of silicon-vacancy centers in detonation nanodiamonds 

6.3.2.1 Photoluminescence spectra 

The PL spectrum of the SiV-DNDs excited at room temperature by the laser with an 

excitation energy of 2.34 eV is shown in Figure 6.5a as black dots. Red dots in Figure 6.5a 

additionally show the PL spectrum of the undoped-DNDs air-oxidized at 570 °C measured 

to examine the broadband background luminescence from the diamond structure in the PL 

spectrum of the SiV-DNDs air-oxidized at 570 °C, where PL intensity is normalized by the 

PL intensity of the SiV-DNDs at 1.80 eV. The subtracted spectrum between the SiV- and 

undoped-DNDs indicated as blue dots in Figure 6.5a show typical SiV⁻ luminescence 
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spectra shapes. Figure 6.5b shows that the ZPL of SiV⁻ center in the subtracted spectrum 

can be well-fitted with a Gaussian curve. The ZPL linewidth (FWHM: full-width at half-

maximum) of the SiV-DNDs is 32 meV. Its DWF is calculated to be 0.47 as the area ratio 

of the subtracted spectrum to the Gaussian curve. In the case of typical SiV⁻ centers in 

bulk-sized diamonds reported by Häußler et al. [65], ZPL linewidth and DWF were 

12.1 meV and 0.67, respectively; therefore, the SiV⁻ centers in DNDs exhibit ZPLs with 

wider homogeneous and/or inhomogeneous broadening and have stronger electron–

phonon couplings.  

  

Figure 6.5 – (a) PL spectrum of SiV-DNDs plotted as black dots. Red dots in (a) 
indicate PL spectrum of undoped-DNDs whose intensity is normalized by PL intensity 
of SiV-DNDs at 1.80 eV. Blue dots in (a) are subtracted spectrum between SiV-DNDs 
and undoped-DNDs. (b) Gaussian fitting curves for the subtracted spectrum in (a). 
Black dots and a red line in (b) indicate original data and a fitted curve, respectively. 

6.3.2.2 Temperature-dependent photoluminescence spectra 

I studied the temperature dependence of the luminescence intensity of the SiV-DNDs. 

Figures 6.6a and b show the PL spectra of the SiV- and undoped-DNDs at 4 to 300 K, 

normalized by the excitation power, respectively. As is clear from Figure 6.6c, the 

normalized spectra of the undoped-DNDs (Figure 6.6b) show that their spectral shapes are 
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almost independent of temperature. Hence, the PL spectrum at 4 K, which exhibits the 

highest signal-to-noise ratio among the undoped-DND spectra, was used as the baseline 

for the SiV⁻ luminescence. The subtracted spectra in Figure 6.6d were obtained via the 

subtraction method described in Section 3.2.1. Hereinafter, the subtracted spectra are 

referred to as PL spectra from the SiV⁻ centers in DNDs. The ZPL intensity of the SiV⁻ 

centers was estimated by fitting the shape of the ZPL in the PL spectra with a Gaussian 

function. As shown in Figure 6.6e, the PL intensity 𝐼 of the ZPL of SiV⁻ centers shows a 

temperature dependence expressed by the Arrhenius equation [166, 167]: 

 
𝐼 ൌ

𝐼଴

1 ൅ 𝐴exp ቀ
െ𝐸ୟ
𝑘୆𝑇

ቁ
 , (6.1) 

where 𝐼଴, 𝐴, 𝑘୆, and 𝑇 are the PL intensity at the lowest temperature, a pre-exponential 

factor, Boltzmann constant, and temperature, respectively. The activation energy 𝐸ୟ 

obtained by the fitting is 21.2 meV. All the fitting parameters are summarized in Table 6.2. 

Thus, the SiV⁻ centers in DNDs show a typical thermally activated behavior. 

 

Table 6.2 –Fitting parameters of Equation 6.1 by Arrhenius plot for ZPL intensity of 
SiV centers in DNDs 

𝐼଴ [arb. units] 𝐴 [arb. units] 𝐸ୟ [meV] 

(4.4±0.2)×105 8.8±3.9 21.2±0.5 
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Figure 6.6 – PL spectra of (a) SiV-DNDs and (b) undoped-DNDs at each investigated 
temperature. (c) Normalized PL spectra of undoped-DNDs calculated from (b). (d) 
Subtracted spectra between PL spectra of SiV-DNDs at each temperature and 
undoped-DNDs at 4 K. (e) Temperature independence of PL intensity of SiV⁻ centers 
in DNDs plotted as black dots. A red line is a fitted curve using the Arrhenius equation. 
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The luminescence linewidth and DWF of the SiV⁻ centers at cryogenic temperatures 

are evaluated. The black dots in Figure 6.7 indicate the PL spectrum from the SiV⁻ in DNDs 

at 4 K shown in Figure 6.6d by black dots. The ZPL in the spectrum can be well-fitted with 

a Gaussian curve, as indicated by a red line in Figure 6.7. The linewidth of the ZPL was 

14 meV. The linewidth of the ZPL at 4 K is narrower than that at room temperature 

(Figure 6.5b). The value of the linewidth is discussed in Section 3.2.5. 

 

Figure 6.7 –PL spectra of SiV⁻ centers in DNDs at 4 K indicated by black dots. A red 
line is a Gaussian fitting curve for subtracted spectra.  

6.3.2.3 Excitation energy-dependent photoluminescence spectra 

The excitation energy dependence of the luminescence intensity from the SiV⁻ in 

DNDs was investigated via PL measurements at room temperature using excitation energy 

ranging from 1.80 to 3.54 eV. The PL spectra of the SiV⁻ centers in DNDs shown in 

Figure 6.8a were obtained as subtracted spectra of the SiV- and undoped-DNDs normalized 

in intensities at 1.80 eV (excitation energy: 2.03–3.02 eV). In the case of the excitation 

energies of 1.80–1.97 and 3.54 eV, the PL intensity could not be normalized at 1.80 eV 

because a low-pass filter of 1.70 eV was used to prevent the output of the excitation laser 
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or its seed laser from mixing into the spectra. Therefore, the PL intensities of undoped-

DNDs excited by these energies were adjusted so that the shapes of their subtracted spectra 

were similar to those with excitation energies of 2.03–3.02 eV. In addition, it was difficult 

to normalize the intensity of the spectra of the SiV- and undoped-DNDs obtained using an 

excitation laser of 3.18 eV at 1.80 eV since their PL intensities and signal-to-noise ratios 

are low. Therefore, the PL intensity of the undoped-DNDs excited at 3.18 eV was 

normalized by the same method used for the spectra excited at 1.80–1.97 and 3.54 eV. As 

shown in Figure 6.8b, the photoluminescence excitation (PLE) spectrum was obtained by 

plotting the PL intensity at the ZPL of SiV⁻ center against the excitation energy. The PLE 

spectrum shows a broad band with a peak at 2.3 eV. This band is consistent with the PLE 

spectrum of SiV⁻ centers in bulk-sized diamonds reported by Häußler et al. [65]. In 

addition, a low-energy tail of the ZPL is observed, reflecting on the lower broadening of 

the energy level of the SiV⁻ centers in DNDs. 

        

Figure 6.8 – (a) PL spectra as a function of excitation energy for SiV⁻ centers in DNDs. 
(b) PLE spectrum produced by plotting PL intensity at 1.68 eV against excitation 
energy in (a) as black dots. PLE spectrum of typical SiV⁻ center reported by 
Häußler et al. is plotted as red circles [65]. PL intensities of SiV⁻ centers in DNDs and 
typical SiV⁻ center are normalized by PL intensity excited at 2.3 eV. 
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6.3.2.4 Time-resolved photoluminescence spectra 

Time-resolved spectroscopy was performed using the streak camera to measure a 

luminescence lifetime of the SiV⁻ centers in DNDs excited at 2.34 eV. Figures 6.9a and b 

show time-resolved PL spectra around the SiV⁻-ZPL at 1.68 eV during approximately 

100 ns and its time-integrated spectrum, respectively. The luminescence peak of the SiV⁻ 

centers is observed in those spectra. Figures 6.9c and d show decay curves for the 

luminescence from the SiV-DNDs; these curves were extracted by integrating over the 

spectral ranges of 1.65–1.72 and 1.76–1.84 eV in Figure 6.9a, respectively. The 

luminescence from the SiV⁻ centers is observed only in the range of 1.65–1.72 eV. Both 

decay curves reach baselines after ~90 ns. Since the well-known luminescence lifetime of 

SiV⁻ centers in bulk-sized diamonds is 1.0–2.4 ns [52], the decay curves have long-lived 

components unrelated to the SiV⁻ centers in DNDs and related to the presence of other 

defects in the DNDs. The time constants of long-lived components are calculated by fitting 

both decay curves in the time domain after 25 ns using the following formula, 

 𝐹ሺ𝑡ሻ ൌ 𝐹଴ ൅ 𝐹୐୭୬୥exp൫െ𝑡/𝜏୐୭୬୥൯ , (6.2) 

where 𝐹଴ is the baseline, and 𝐹୐୭୬୥ and 𝜏୐୭୬୥ denote the pre-exponential factor and the 

lifetime of the long-lived component, respectively. Both decay curves were successfully 

fitted with a common 𝜏୐୭୬୥ = ~10 ns, as shown in Figures 6.9e and f. All fitting parameters 

were reported in Table 6.3. An example of a diamond defect exhibiting a luminescence 

lifetime of ~10 ns is NV center [168, 169], which is widely observed in DNDs [170]. 
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Figure 6.9 – (a) Time-resolved PL spectrum around ZPL of SiV⁻ centers in DNDs 
excited at 2.34 eV. (b) Time-integrated spectrum at all measurement times in (a). 
Decay curves of luminescence in ranges of (c) 1.65–1.72 and (d) 1.76–1.84 eV. 
Magnified views of (c, d) in time regions from 25 to 104 ns are shown in (e, f), 
respectively. Black dots and red lines indicate the experimental data and fitted curves 
based on Equation 6.2, respectively.  
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Table 6.3 – Parameters for the decay curves represented in Figures 6.9e and f fitted 
by Equation 6.2. 

Energy range [eV] 𝐹଴ [arb. units] 𝐹୐୭୬୥ [arb. units] 𝜏୐୭୬୥ [ns] 

1.65–1.72 2.5×10−4 0.04±0.03 10.1±0.3 

1.76–1.84 6.7×10−4 0.12±0.01 10.5±0.2 
 

To investigate the short luminescence components of the SiV-DNDs luminescence, 

time-resolved spectra were recorded over a time range of approximately 20 ns. 

Figures 6.10a and b show PL decay around the ZPL of the SiV⁻ centers and its time-

integrated spectrum, respectively. Figures 6.10c and d show the luminescence decay curves 

extracted by integration over the ranges of 1.65–1.72 and 1.76–1.84 eV in Figure 6.10a, 

respectively. These luminescence decay curves can be expressed by setting 𝜏୐୭୬୥ = 10 ns, 

as follows: 

 
𝐹′ሺ𝑡ሻ ൌ 𝐹′଴ ൅෍𝐹௜

ே

௜ୀଵ

expሺെ𝑡/𝜏௜ሻ ൅ 𝐹୐୭୬୥exp൫െ𝑡/𝜏୐୭୬୥൯ , (6.3) 

where 𝐹′଴ is the baseline, 𝐹௜ and 𝐹୐୭୬୥ are pre-exponential factors, and 𝜏௜ denotes lifetimes. 

As shown in Figure 6.10c, the decay curve of the luminescence in the range of 1.65–

1.72 eV is well-fitted with the tetra-exponential model (N = 3 in Equation 6.3). On the 

other hand, the luminescence decay curve in the range of 1.76–1.84 eV indicated in 

Figure 6.10d is successfully fitted with tri-exponential components (N = 2 in Equation 6.3). 

These fitting parameters are shown in Table 6.4. Because 𝜏ଵ, 𝜏ଶ, and 𝜏୐୭୬୥ are commonly 

observed in both decay curves, these are presumed to be the same components originating 
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from the ND structure. The time constant of 𝜏ଷ = 0.56±0.04 ns was observed only from the 

decay curve in the range of 1.65–1.72 eV which contains the SiV⁻-ZPL. 

              

       

Figure 6.10 – (a) Time-resolved PL spectrum around ZPL of SiV⁻ centers in DNDs 
excited at 2.34 eV. (b) Time-integrated spectrum at all measurement times in (a). 
Decay curves of the luminescence in ranges of (c) 1.65–1.72 and (d) 1.76–1.84 eV. 
Black dots and red lines indicate experimental data and fitted curves based on 
Equation 6.3, respectively.  
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Two additional experiments were conducted to verify the correctness of the fittings 

in Figures 6.10c and d. Firstly, the decay curve fitted with the tri-exponential model shown 

in Figure 6.10d was attempted to express using a tetra-exponential model having an 

additional component with a time constant of 0.56 ns. However, the component of 0.56 ns 

did not substantially contribute to the fitting results, as shown in Figure 6.11 and Table 6.5. 

Secondly, Figures 6.12a and b are decay curves in the range of 1.65–1.72 eV with SiV⁻ 

centers obtained from other spots (i) and (ii) in the drop-cast sample, respectively. These 

were also fitted by tetra-exponential models with the same fitting parameters reported in 

Table 6.4 including 𝜏ଷ in the range of 0.56±0.04 ns, as shown in the red lines in Figure 6.12 

and the value of Table 6.6. These results suggest that the component with the time constant 

0.56 ns in the range of 1.65–1.72 eV is attributable to luminescence from the SiV⁻ centers. 

 

Figure 6.11 – Decay curve of luminescence in the range of 1.76–1.84 eV (same as the 
black dots in Figure 6.10d). Black dots and a red line indicate experimental data and 
a fitted curve based on tetra-exponential components, respectively.  
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Figure 6.12 – (a, b) Decay curves of luminescence in the range of 1.65–1.72 eV from 
other spots (i, ii) in the drop-cast sample, respectively. Black dots and red lines 
indicate experimental data and fitted curves based on tetra-exponential components, 
respectively. 
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The contribution of the component of time constant 0.56 ns for the luminescence 

from the SiV⁻ centers was evaluated by the two different sets of experimental data shown 

in Table 6.7: the decay curve (Figure 6.10c) and the PL spectrum in the range of 1.65–

1.72 eV. The contribution calculation based on the time-integrated PL spectrum is 

performed using the PL spectra shown in Figure 6.5a, which were recorded under the same 

conditions as the time-resolved spectroscopic measurements. 𝐴ୗ୳ୠ୲ and 𝐴ୗ୧୚ିୈ୒ୈୱ are the 

areas of the subtracted and the raw PL spectra of the SiV-DNDs represented by blue and 

black dots in Figure 6.5a in the energy range of 1.65–1.72 eV, respectively. Since the value 

calculated by the decay curve is consistent with that by the PL spectrum, the lifetime of the 

SiV⁻ centers in the DNDs is determined to be 0.56±0.04 ns. 

Table 6.7 – Contribution of luminescence from SiV⁻ centers in DNDs. 

Calculation method of 
contribution 

Decay curve Spectrum 

𝐹ଷ𝜏ଷ/෍𝐹௜𝜏௜ ൅ 𝐹୐୭୬୥𝜏୐୭୬୥ 𝐴ୗ୳ୠ୲/𝐴ୗ୧୚ିୈ୒ୈୱ 

Calculated value 0.43 0.50 

 

Although the luminescence lifetime of 0.56±0.04 ns obtained in the present study for 

the SiV-DNDs is shorter than the well-known luminescence lifetime of SiV⁻ centers (1.0–

2.4 ns) [52], the shortest luminescence lifetime is 0.2 ns [171] among the previous reports. 

In addition, SiV⁻ centers constructed with 5 nm-sized DNDs using a high-temperature 

annealing technique have been reported to exhibit a luminescence lifetime of 0.4 ns [137]. 

The luminescence lifetime of the SiV⁻ centers in DNDs presented by this study is within 
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the range of values reported previously. Note that the determined luminescence lifetime of 

SiV⁻ centers in DNDs (0.56±0.04 ns) is considered an average value for the large number 

of the SiV-DNDs in the excitation spot of the drop-cast samples. According to the previous 

studies of NV centers, the luminescence lifetimes of color centers in NDs differ among 

individual particles and exhibit distribution slightly. 

6.3.2.5 Effect of particle size on the optical properties of silicon-vacancy centers in 

detonation nanodiamonds 

Table 6.8 shows the key optical properties of the SiV⁻ centers in DNDs measured in 

a series of spectroscopic experiments in this study, along with those of typical SiV⁻ centers 

in bulk-sized diamonds. According to the linewidths, the ZPL of SiV⁻ centers in DNDs 

exhibits greater homogeneous and inhomogeneous broadening than the ZPL of typical ones. 

The broadening of the ZPL absorption band is also observed in the PLE spectrum, as shown 

in Figure 6.8b. Focusing on the time-resolved PL, the luminescence lifetime of the SiV⁻ 

centers in DNDs is shorter than that of typical SiV⁻ centers by approximately one-half. 

Therefore, the homogeneous broadening of the ZPL of SiV⁻ centers in DNDs at room 

temperature can be estimated to be ~20 meV if I assume the time–energy uncertainty 

relation. Because the linewidth is determined by the sum of homogeneous and 

inhomogeneous broadening, the inhomogeneous broadening of the SiV⁻ centers in DNDs 

is estimated to be ~12 meV at room temperature. The estimated inhomogeneous 

broadening is roughly consistent with the linewidth at the cryogenic condition, where the 

homogeneous broadening is maximally suppressed. The broad homogeneous linewidth and 

short lifetime of the SiV⁻ centers in DNDs indicate an increase in the nonradiative 

transition probability derived from an enhancement of electron–phonon coupling. The 
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increase and enhancement are evident in the decrease in the DWF compared with that of 

typical SiV⁻ centers. Furthermore, quantum efficiency of the SiV⁻ centers in DNDs is also 

relatively small as shown in Table 6.8, which was calculated as 8.7% on the basis of the 

luminescence lifetime of 0.56 ns and its natural radiative lifetime of 6.24 ns [158]. The 

possible causes of the change in the electronic state of the SiV⁻ centers in DNDs are the 

distortion of their split-vacancy structure and the influence of the surface potential owing 

to the specific small particle size of the SiV-DNDs. The extremely small size, ~10 nm, the 

more sensitive the internal SiV⁻ centers are to such surface effects compared with typical 

ones. Moreover, the small particle size also affects the inhomogeneous broadening. The 

energy levels of each SiV⁻ center fluctuate with the lattice distortions. The dependence of 

the ZPL peak position of the SiV⁻ center on the stress in the diamond lattice has been 

reported in detail [172, 173]. The detonation process does not completely control the 

distance of each SiV⁻ center from the surface in DNDs. The location of each color center 

in the DNDs varies from the center to the surface. The lattice distortion is inhomogeneously 

distributed around the SiV-structures according to the distance from the surface. Because 

the SiV-DND sample used in the present study is an aggregate of particles, the PL spectra 

are observed as an ensemble of individually peak-shifted ZPLs, reflecting inhomogeneous 

broadening. As summarized above, the SiV⁻ centers in DNDs exhibit unique optical 

properties reflecting the particle size effect of the DNDs—the enhancement of electron–

phonon coupling and the increase in nonradiative transition probability—and their 

inhomogeneous distribution. 
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Table 6.8 – Optical properties of the SiV− centers in DNDs and typical SiV⁻ centers. 

Spectroscopic 
method 

Optical 
properties 

SiV− centers 
in DNDs 

Typical SiV− centers 
in bulk-sized diamond 

PL 
Linewidth 
(FWHMa)) 

32 meV at rtb) 
 14 meV at 4 K 

~12.1 meV at rtb)   [65] 
~11.4 meV at rtb)   [82] 

10.2 meV at rtb)   [77] 
0.7 meV at 5 K [77] 

Ditto DWF at rtb) 0.47 0.67 [65] 

Time-resolved 
PL 

Luminescence 
lifetime 

0.56±0.04 ns 1.2 ns [82] 

Ditto 
Quantum 
efficiency 

8.7%c) 19%c) 

a) Full-width at half-maximum; b) room temperature; c) ratio of natural radiative lifetime to 
experimentally determined luminescence lifetime indicated in this table. 

The literature contains some reports on the fabrication of the SiV⁻ centers in NDs 

and the characterization of their optical properties. In 2021, Shimazaki et al. demonstrated 

the SiV⁻ centers formation by high-temperature annealing at 1100 °C of DNDs containing 

silicon as a trace impurity [137]. I compare the optical properties of two types of SiV− 

centers in DNDs, where the SiV⁻ centers were formed using different fabrication methods. 

The DNDs with SiV− centers created by the post-treatment exhibited a ZPL with a 

minimum linewidth of 17.8 meV and a luminescence lifetime of 0.4 ns at room temperature. 

This linewidth might correspond to the homogeneous linewidth because high-temperature 

annealing is known to dramatically decrease the inhomogeneous linewidth of the SiV⁻ 

centers [136]. The estimated homogeneous linewidth and luminescence lifetime are 

consistent for the SiV⁻ centers in DNDs created by the in situ synthesis during the 

detonation reaction and the post-treatment. These results mean that the two types of SiV⁻ 
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centers in DNDs are commonly affected by the effect of their very small particle size of 

DNDs, regardless of the creation methods.  

6.3.2.6 Photostability 

The photostability of the SiV⁻ centers in DNDs is investigated, which is a key 

property for applications such as fluorescent markers. In 2016, Reineck et al. characterized 

the photostability of various fluorescent markers in detail by measuring their luminescence 

intensity over time [159]. According to their experiments, the fluorescent dye 

Alexa Fluor 647, Au nanoclusters, and carbon dots decreased luminescence intensity 

within a few minutes. In contrast, carbon nanotubes (CNTs) and NDs containing NV 

centers exhibited perfect photostability without fading. The measurement results of the 

SiV⁻ centers in DNDs are shown in Figure 6.13. The SiV⁻ centers in DNDs emit stable 

luminescence with no decrease in intensity, similar to CNTs and NV centers in NDs. 

 

Figure 6.13 – Luminescence intensity for ZPL of SiV⁻ centers in DNDs, recorded at 
15 s intervals. The ZPL intensity was counted after its baseline removals and was 
normalized by initial intensity at 0 min. 
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6.3.3 Optical properties of germanium-vacancy centers in detonation nanodiamonds 

6.3.3.1 Photoluminescence spectra 

Figure 6.14a shows the PL spectra of the GeV-DNDs excited by 2.34 eV at room 

temperature, as black dots. Their broadband backgrounds luminescence from the diamond 

structures were subtracted by the same method employed in Section 3.2.1. Red and blue 

dots in Figure 6.14a are the PL spectra of the undoped-DNDs and subtracted spectra, 

respectively. The PL intensities of undoped-DNDs are normalized by one of the GeV-

DNDs at 2.20 eV. Although an unassigned peak at 1.98 eV remains in the subtracted 

spectrum, the subtracted one shows the ZPL of GeV⁻ center at 2.06 eV. The unassigned 

peak is discussed in detail later. Figure 6.14b shows that the ZPLs of GeV⁻ centers in the 

subtracted spectra can be well-fitted with a Gaussian curve. The ZPL linewidth and DWF 

are 59 meV and 0.19, respectively.  

     

Figure 6.14 – (a) PL spectra of GeV- and undoped-DNDs plotted as black and red 
dots, respectively. PL intensity of undoped-DNDs is normalized by one of GeV-DNDs 
at 2.20 eV. Blue dots in (a) indicate subtracted spectrum between GeV- and undoped-
DNDs. (b) Gaussian fitting curves for the subtracted spectrum in (a). Black dots and 
a red line show original data and a fitted curve, respectively. 
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6.3.3.2 Temperature-dependent photoluminescence spectra 

Temperature dependence of luminescence from the GeV⁻ centers in DNDs was 

investigated. The PL spectra of the GeV- and undoped-DNDs at 4 to 300 K normalized by 

the excitation power, as shown in Figures 6.15a and b, respectively. The spectra shapes of 

the undoped-DNDs show temperature variation, unlike the SiV-DNDs case: therefore, the 

undoped-DNDs spectra at corresponding temperatures were adopted as baselines for the 

GeV-DNDs spectra. Subtracted spectra obtained by the above method are shown in 

Figure 6.15c (the subtraction detail described in Section 3.2.1). Hereafter, the subtracted 

spectra created by the method are represented as PL spectra of the GeV⁻ centers in DNDs. 

They have a sharp peak at 2.06 eV, corresponding to the ZPL of the GeV⁻ center, and the 

unassigned peak at 1.98 eV. Both peak intensities were estimated by a Gaussian fitting and 

then fitted by the Arrhenius Equation 6.1, as shown in Figure 6.15d, using the parameters 

reported in Table 6.9. According to Arrhenius plots, the GeV⁻ centers in DNDs also show 

a typical thermally activated behavior, as the SiV⁻ centers in DNDs. In addition, the 

unassigned peak indicates the same thermal behavior with approximately identical 𝐸ୟ to 

the ZPL.  

 

Table 6.9 – Fitting parameters of Equation 6.1 by Arrhenius plot for PL intensities of 
GeV⁻-ZPL and unassigned peak. 

Peak 𝐼଴ [arb. units] 𝐴 [arb. units] 𝐸ୟ [meV] 

ZPL 
at 2.06 eV 

(3.9±0.1)×105 10.1±4.7 36.7±7.6 

Unassigned peak 
at 1.98 eV 

(2.9±0.1)×105 12.0±7.9   43.4±11.5 
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Figure 6.15 – PL spectra of (a) GeV- and (b) undoped-DNDs at each investigated 
temperature. (c) Subtracted spectra between PL spectra of GeV-DNDs and undoped-
DNDs at each temperature. (d) Temperature independence of PL intensities of ZPL 
of GeV⁻ centers in DNDs (black dots) and the unassigned peak at 1.98 eV (circles). 
Red and blue lines are curve-fitted using Arrhenius equation. 
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Figure 6.16 shows the spectrum of the GeV⁻ centers at 4 K as black dots. I calculated 

the ZPL linewidth of GeV⁻ centers in DNDs under cryogenic temperature. The spectrum 

is well-fitted with Gaussian curves as indicated by a red curve in Figure 6.16. The linewidth 

of the GeV⁻ centers in DNDs is 41 meV, which is narrower than those at room temperature 

(Figures 6.14b).  

 

Figure 6.16 – PL spectra of GeV⁻ centers in DNDs at 4 K. Black dots and a red curve 
show original data and Gaussian fitting curve.  

6.3.3.3 Excitation energy-dependent photoluminescence spectra 

I also investigated the excitation energy dependence of the luminescence intensity 

from the GeV-DNDs. Figure 6.17a is the subtracted PL spectra between the GeV- and 

undoped-DNDs excited by 2.38–3.54 eV. Figure 6.17b shows PLE spectra of the ZPL of 

GeV⁻ center at 2.06 eV and the unassigned peak at 1.98 eV, prepared from Figure 6.17a. 

The excitation energy dependence of the PL intensity of the unassigned peak shows the 

same behavior as the one of the GeV⁻ centers. The PLE spectra of the two peaks have a 
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to the ZPL. The shape of the second peaks is consistent with the PLE spectra of typical 

GeV⁻ centers in bulk-sized diamonds reported by Häußler et al. [65]. 

 

Figure 6.17 – (a) PL spectra versus excitation energy for GeV⁻ centers in DNDs 
prepared by subtracted PL spectra of the GeV- and undoped-DNDs. (b) PLE spectra 
were constructed by plotting PL intensity of GeV⁻-ZPL at 2.06 eV and unassigned 
peak at 1.98 eV against the excitation energy in (a) as black dots and circles, 
respectively. The PLE spectrum of typical GeV⁻ centers based on Häußler et al. is 
plotted as red circles [65]. This PLE spectrum is normalized to compare the one of 
GeV⁻ centers in DNDs.  

6.3.3.4 Time-resolved photoluminescence spectra 

The luminescence lifetime of the GeV⁻ centers in DNDs was investigated. 

Figures 6.18a and b show a time-resolved PL spectrum around the ZPL of GeV⁻ centers 

during approximately 1000 ns and its time-integrated spectrum, respectively. These spectra 

consist of the ZPL of the G4V centers at 2.06 eV and the unassigned peak at 1.98 eV, as in 

the previous PL studies. Figure 6.18c shows luminescence decay curves integrated over 

the spectral range of 2.01–2.07 eV including the ZPL from Figure 6.18a. Figure 6.18d 

shows a luminescence decay curve in the higher energy range, 2.10–2.17 eV, compared 
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longer components with several hundred nanoseconds which are too long compared with 

the well-known lifetimes of GeV⁻ centers of 1.4–5.5 ns [83]. The time constants for these 

long-lived components could not be determined using Equation 6.2 owing to the low 

signal-to-noise in their corresponding time region in Figures 6.18c and d. Therefore, the 

investigation of the luminescence lifetime of the GeV⁻ centers in DNDs could not employ 

the procedure for that of the SiV⁻ centers in DNDs. 

              

             

Figure 6.18 – (a) Time-resolved PL spectrum around ZPL of GeV⁻ centers in DNDs 
excited at 2.38 eV. (b) Time-integrated spectrum at all measurement times in (a). 
Decay curves of luminescence in ranges of (c) 2.01–2.07 and (d) 2.10–2.17 eV.  
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Figure 6.19a shows a time-resolved PL spectrum from the GeV-DNDs whose time 

scale is approximately 100 ns to investigate the luminescence lifetime of the GeV⁻ centers 

in DNDs. Figure 6.19b is a time-integrated spectrum of Figure 6.19a. Figures 6.19c and d 

indicate luminescence decay curves extracted by integration over the ranges of 2.01–2.07 

and 2.10–2.07 eV in Figure 6.19a, respectively. These luminescence decay curves can be 

expressed in Equation 6.4 which excludes the contribution of long-lived components from 

Equation 6.3, as follows: 

 
𝐹ᇱሺ௧ሻ ൌ 𝐹′଴ ൅෍𝐹௜

ே

௜ୀଵ

expሺെ𝑡/𝜏௜ሻ . (6.4) 

As shown in Figure 6.19c, the luminescence decay curve including the ZPL of GeV⁻ 

centers is well-fitted with the tri-exponential model (N = 3 in Equation 6.4) using values 

of Table 6.10. The precision of 𝜏ଷ  = 25 ns is not precise because it involves long 

components that could not be determined by the 1000 ns time scale measurement in 

Figure 6.18. On the other hand, the luminescence decay curve without the ZPL shown in 

Figure 6.19d does not fit Equation 6.4, even for the tetra-exponential model (N = 4 in 

Equation 6.4). This result indicates that the luminescence in the range of 2.10–2.17 eV has 

numerous components. Since common components could not be found for the decay curves 

with and without the ZPL of GeV⁻ centers in DNDs, the luminescence lifetime of the GeV⁻ 

centers in DNDs is determined solely by the fitting parameters for the decay curve in 

Figure 6.19c. The time constant of 𝜏ଷ = 25 ns is too long compared to the luminescence 

lifetime of the typical GeV⁻ center (1.4–5.5 ns) and is therefore excluded as a candidate for 

one of the GeV⁻ centers in DNDs [83]. In the case of SiV⁻ centers in DNDs, their 
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luminescence lifetime is shorter than that of typical SiV⁻ centers. Following the case of 

SiV⁻ centers, the luminescence lifetime of the GeV⁻ centers in DNDs is probably shorter 

than that of typical GeV⁻ centers of 1.4–5.5 ns. However, this study cannot rule out 

𝜏ଶ  = 7.1 ns, similar to the luminescence lifetime of typical GeV⁻ centers. Namely, the 

luminescence lifetime of the GeV⁻ centers in DNDs ranges from 1.3 to 7.1 ns.  

              

               

Figure 6.19 – (a) Time-resolved PL spectrum around ZPL of GeV⁻ centers in DNDs 
excited at 2.38 eV. (b) Time-integrated spectrum at all measurement times in (a). 
Decay curves of the luminescence in ranges of (c) 2.01–2.07 and (d) 2.10–2.17 eV. 
Black dots and a red line indicate experimental data and a fitted curve based on 
Equation 6.4, respectively. 
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In order to attribute the unassigned peak at 1.98 eV in the luminescence spectrum of 

the GeV-DNDs, its time constant is investigated. Black dots in Figures 6.20 a and b show 

the decay curves extracted by integration over the ranges of 1.94–1.99 eV in Figures 6.18a 

and 6.19a, respectively. These decay curves are consistent with those of 2.01–2.07 eV 

indicated by red dots in Figures 6.20a and b (including the ZPL, same as the black dots in 

Figures 6.18c and 6.19c, respectively). While the time constant of the peak at 1.98 eV 

cannot be determined, the luminescence with the peak is composed of the same 

components as the luminescence containing the GeV⁻ center's ZPL in the range of 2.01–

2.07 eV.  

     

Figure 6.20 – Decay curves of the luminescence in ranges of 1.94–1.99 and 2.01–
2.07 eV. (a) and (b) are produced from time-resolved PL spectra of Figures 6.18a 
and 6.19a, respectively.  
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6.3.3.5 Effect of particle size on the optical properties of germanium-vacancy centers in 

detonation nanodiamonds 

Table 6.11 summarizes the optical properties of the GeV⁻ centers in DNDs measured 

in this study and typical GeV⁻ centers in bulk-sized diamonds. There are fewer detailed 

reports on the optical properties of typical GeV⁻ centers compared with those of typical 

SiV⁻ centers; in particular, their luminescence lifetime has not been precisely determined. 

In this study, the GeV⁻ centers in DNDs exhibited >3.5 times greater linewidth at room 

temperature and ~30% DWF than the typical GeV⁻ centers. These results indicate that the 

GeV⁻ centers in DNDs also have enhanced electron–phonon coupling compared with the 

typical GeV⁻ centers because of the particle size effects of DNDs, as with the SiV⁻ centers 

in DNDs. In addition, because the linewidths exhibited from the GeV⁻ centers in DNDs at 

cryogenic temperature are sufficiently broad, they have inhomogeneous broadening 

derived from the detonation process, as same as the SiV⁻ centers in DNDs. 

Table 6.11 – Optical properties of the GeV− centers in DNDs and typical GeV⁻ centers. 

Spectroscopic 
method 

Optical 
properties 

GeV− centers 
in DNDs 

Typical GeV− centers 
in bulk-sized diamond 

PL 
Linewidth 
(FWHMa)) 

59 meV at rtb) 
 41 meV at 4 K 

~17.1 meV at rtb)    [52, 83] 
~22.2 meV at rtb)    [174] 

7.5 meV at 80 K [174] 

Ditto DWF at rtb) 0.19 ~0.6 [64, 83] 

Time-resolved 
PL 

Luminescence 
lifetime 

1.3–7.1 ns 1.4–5.5 ns [83] 

a) Full-width at half-maximum; b) room temperature. 
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6.3.3.6 Attribution of the peak at 1.98 eV from germanium-vacancy centers-containing 

detonation nanodiamonds 

The luminescence from GeV-DNDs contained the unassigned peak at 1.98 eV in 

addition to the ZPL. The ZPL of GeV⁻ centers and unassigned peaks exhibited identical 

temperature and excitation energy dependence. Furthermore, the shapes of luminescence 

decay curves from those peaks were perfectly consistent. The agreements of these optical 

responses indicate that the peak at 1.98 eV is the ZPL-related luminescence. According to 

Krivobok et al. [175], the PL spectra from the ideal GeV⁻ centers have three peaks in 

addition to the ZPL at 2.058 eV as follows: (i) the LVM of the GeV⁻ center at 2.013 eV 

(the details described in Section 1); (ii) longitudinal acoustic (LA) or transverse acoustic 

(TA) phonon mode of the diamond lattice coupling with the GeV⁻ center at 1.933 eV; (iii) 

longitudinal optical (LO) or transverse optical (TO) phonon mode of the diamond lattice 

coupling with the GeV⁻ center at 1.903 eV [176]. In the case of the GeV⁻ centers in DNDs, 

these phonon mode peaks could be separated and observed in the spectra as an ensemble 

peak at 1.98 eV because of the particle size effect and its inhomogeneity derived from the 

detonation process. 

6.3.3.7 Photostability 

The photostability of the GeV⁻ centers in DNDs was evaluated according to the 

method of Reineck et al. [159], as same as one of the SiV⁻ centers in DNDs described in 

Section 3.2.6. The evaluation results are shown in Figure 6.21. The GeV⁻ centers in DNDs 

exhibit stable luminescence with no bleaching as well as CNTs, NV centers in NDs, and 

the SiV⁻ centers in DNDs. 
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Figure 6.21 – Luminescence intensity for ZPL of GeV⁻ centers in DNDs, recorded at 
15 s intervals. The ZPL intensity was counted after its baseline removals and was 
normalized by initial intensity at 0 min. 

6.4. Summary 

The optical properties of the SiV⁻ and GeV⁻ centers in DNDs of ~10 nm on average 

were evaluated systematically. They exhibited greater linewidths, smaller DWFs, and 

shorter luminescence lifetimes than those of typical SiV⁻ and GeV⁻ centers in bulk-sized 

diamonds. Note that the luminescence lifetime of the GeV⁻ centers in DNDs could not be 

determined. This issue must be solved by single-particle measurements in the future. These 

characteristic optical properties reflected changes in the electronic states of the SiV⁻ and 

GeV⁻ centers caused by the particle size effect of the DNDs. The extremely small particle 

size of DNDs with ~10 nm distorted the split-vacancy structures of each color center and 

made them more sensitive to surface potentials. As a result, they caused the increase in 

nonradiative transition probability and the enhancement of electron–phonon coupling on 

each color center. In addition, the detonation process does not completely control the 

distance of each color center from the surface in DNDs, which gives variation to the size 
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effect on the color centers. The variation induced the inhomogeneous broadening of their 

ZPLs. 
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Chapter 7. Conclusion and future prospects 

7.1 Conclusion 

In this dissertation, the author demonstrated the industrial-scale synthesis of the 

G4V-NDs via the detonation process (G4V-DNDs) and revealed the optical properties of 

the G4V⁻ centers encapsulated in extremely small DNDs. 

The synthesis strategy of the G4V-DNDs was designed as follows: (i) to propose the 

DND formation mechanism at the molecular level; (ii) to select the dopants as group IV 

element sources based on the proposed mechanism; (iii) to synthesize the G4V-DNDs by 

the detonation process using the selected dopants. In Chapter 3, the DND formation 

mechanism was discussed on the basis of the intermediate species in the detonation reaction. 

The emission from the mixed-explosive consisting of TNT and RDX (TR-explosive) for 

the undoped-DND production was observed by time-resolved emission spectroscopy 

explained in Chapter 2. The measured time-resolved emission spectra showed the peak of 

the atomic carbon (C1) emission and no peaks in Swan-band of C2 which is characteristic 

of carbon diatomic radicals. The absence of the peaks in Swan-band suggested that the 

previously proposed the C2-mechanism, in which radical-like carbons C2 generated by the 

decomposition of the explosive molecules serve as the building blocks for the DND 

formation, was not promising. On the other hand, the observation of the atomic carbons 

proposed the C1-mechanism in which C1 species function as building blocks of DNDs. 

Second, the MD simulation with ReaxFF of 288 TNT molecules, which play the role of 

the carbon sources of the DNDs, was carried out under the detonation reaction conditions 

of 25 GPa and 3675 K. According to this simulation, while the functional groups on TNTs 
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were released as the stable gas, the toluene skeletons of TNTs, including the C6 aromatic 

rings, were maintained during the detonation reaction and then polymerized to form the 

carbon clusters. Hence, the C6-mechanism was proposed, in which C6 species function as 

the building blocks of DNDs. Under the proposed mechanisms, the silicon sources (Si-

dopants) were selected for the SiV-DNDs synthesis. TTS was selected for the C1-

mechanism because its structure has abundant Si atoms and can readily release atomic Si 

during the detonation reactions. The released Si atoms were expected to be in high-

frequency contact with the C1 species derived from TNT molecules and then incorporated 

into the C1 condensation process. For the C6-mechanism, TPSOH was selected owing to 

its structure with three aromatic rings attached to the Si atom. The aromatic ring interaction 

between the TPSOH and the C6 building blocks during the detonation reaction was 

expected to incorporate the Si atoms into the DND structure. The SiV-DND synthesis using 

the explosives containing each Si-dopant was performed in Chapter 4. DNDs with an 

average particle size of 7 nm were produced by both explosives with TTS or TPSOH (TTS- 

or TPSOH-DNDs, respectively), which were measured by PL spectroscopy to confirm the 

SiV⁻ center creation. The SiV⁻ luminescence was not detected in the PL spectra of the TTS-

DNDs. In contrast, the PL spectrum of the TPSOH-DNDs showed a prominent peak at 

1.68 eV corresponding to the ZPL of the SiV⁻ center. Hence, The SiV-DND synthesis was 

achieved by the explosive with TPSOH as the Si-dopant. Subsequently, the time-resolved 

emission measurements of the detonation reaction from each explosive were performed to 

investigate the reason for the successful synthesis. Because the time-resolved emission 

spectrum of the TTS-containing explosive exhibited atomic emission of Si, TTS was 

decomposed to atomic Si during the detonation reaction following the Si-dopant selection 
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strategy corresponding to the C1-mechanism. Nevertheless, the SiV-DNDs were not 

produced by the explosive containing TTS. These results suggested the non-intervention 

of atomic Si in the C1 condensing process and the invalidity of the C1-mechanism. On the 

other hand, TPSOH maintained its chemical structure in whole or in part during the 

detonation reaction because of the absence of Si atomic emission in the time-resolved 

spectrum of the detonation emission from the explosive with TPSOH. Therefore, the 

achievement of the SiV-DNDs synthesis was explained by the aromatic–aromatic 

interactions between TPSOH and C6 diamond building blocks derived from TNTs as the 

DND carbon source. In other words, this study proposed the C6-mechanism as the DND 

formation mechanism at the molecular level during the detonation reaction. This detonation 

process using aromatic organic compounds as heteroatom dopants was extended to the 

other types G4V-DNDs syntheses in Chapter 5. The resynthesis of SiV-DNDs and 

syntheses of the GeV- and SnV-DNDs were performed using the explosives containing 

dopant molecules with each group IV atom centered on tetraphenyl compounds. The direct 

syntheses of the SiV- and GeV-DNDs were confirmed by the observation of their ZPLs in 

their PL spectra. However, the SnV-DNDs were not produced in detectable concentrations 

in PL measurements. To compare the amounts of the SiV- and GeV-DNDs produced, the 

numbers of data points in the PL-maps, where the spectra show the ZPLs, were counted. 

The SiV- and GeV-DNDs were observed in 7055 and 1555 data points from the 

corresponding PL-maps, among a total of 10201 data points, respectively. Therefore, this 

synthesis process favorably produced the G4V-DNDs composed of elements with smaller 

atomic numbers. Here, the successes and limitations of G4V-DND direct synthesis by the 

detonation process were discussed in thermodynamics and kinetics of the detonation 
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reaction involving each dopant. Each detonation reaction is a competing reaction between 

the doping of group IV atoms into DNDs and generations of group IV dioxides. The 

thermodynamic equilibrium constant ratios for these two competing reactions were 

calculated using quantum chemical simulations. The ratios for each detonation reaction 

with the group IV dopants were consistent with the generated concentrations of the G4V-

DNDs. Therefore, the detonation reaction for G4V-DND synthesis was explained from the 

thermodynamic point of view. Kinetics of the detonation reaction depended on the dopant 

structures and affected the concentration of G4V-DND formation. However, the kinetic 

effect was smaller than the thermodynamic effect. As concluded above, these studies in 

Chapters 3–5 not only demonstrated the practical scale synthesis of the SiV- and GeV-

DNDs by the detonation process but also explained the physical chemistry behind the 

achievements. 

The optical properties of the G4V⁻ centers in DNDs were evaluated in Chapter 6 

using the time-resolved spectroscopic measurement and other optical measurements. The 

samples used in this study were the SiV- and GeV-DND synthesized by the detonation 

process described in Chapters 4 and 5, with an average particle size of ~10 nm. Firstly, the 

optical properties of the SiV⁻ centers in DNDs were compared with those of typical SiV⁻ 

centers in bulk-sized diamonds. The SiV⁻ centers in DNDs exhibited greater homogeneous 

and inhomogeneous broadening of the ZPL than those for typical SiV⁻ centers. The 

broadening of the ZPL absorption band was also observed in the PLE spectrum. Moreover, 

the DWF and luminescence lifetimes of the SiV⁻ centers in DNDs were smaller and shorter 

than those of typical SiV⁻ centers by ~70% and 50%, respectively. These optical properties 

indicate the differences in electronic states of the SiV⁻ centers in DNDs from typical SiV⁻ 
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centers, namely the enhancement of electron–phonon coupling and the increase in 

nonradiative transition probability. The possible cause of the differences was the particle 

size effect of the extremely small DNDs with ~10 nm, which distorted the split-vacancy 

structures of the SiV⁻ center and made it more sensitive to surface potentials. Moreover, 

the detonation process did not completely control the distance of each SiV⁻ center from the 

surface of DNDs. The uncontrolled distance gave variation to the particle size effect, which 

induced the inhomogeneous broadening of the ZPL. Secondly, the optical properties of the 

GeV⁻ centers in DNDs were also compared with those of typical GeV⁻ centers in bulk-

sized diamonds. As with the SiV⁻ center, the changes in the optical properties were 

observed compared with those of typical GeV⁻ centers because of the following factors: (i) 

the particle size effects of DNDs on the GeV⁻ centers leading to enhance the electron–

phonon coupling and increase in the nonradiative transition probability; (ii) the induction 

of inhomogeneity in the particle size effects by the detonation process. However, the 

photostability of the SiV⁻ and GeV⁻ centers did not change even when the particle size was 

extremely small. These fundamental optical properties and the understanding of their origin 

are expected to accelerate the application of the SiV- and GeV-DNDs. 

In this dissertation, the detonation reaction was represented as a chemical reaction 

based on the formation mechanism, thermodynamics, and kinetics. It provides an 

understanding of the detonation process from a perspective outside of explosives 

engineering. I believe that this chemical perspective helps in the synthesis of other F-NDs 

as well as other types of advanced materials using the detonation process. In addition, the 

optical properties of the G4V⁻ centers in DNDs, the smallest of the NDs, were 

characterized and discussed in detail regarding the effect of particle size on their electronic 
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structures. The discussion provides a foundational understanding that is lacking not only 

in the G4V-NDs but also in the other F-NDs. It is expected to contribute to the development 

of the F-ND community. 

7.2 Future prospects 

For the social implementation of the G4V-DNDs, three issues remain. Firstly, the 

optical properties of the SiV⁻ and GeV⁻ centers presented in Chapter 6 were average values 

measured on aggregated SiV- and GeV-DNDs, respectively. The properties of each particle 

have not yet been determined. Secondly, the G4V-DNDs are mixtures with the undoped-

DNDs in an unknown ratio. To answer these two issues, it is necessary to investigate them 

in more detail using single-particle spectroscopy. Lastly, the ratio must not be high 

sufficiently in specific applications such as single-photon sources which always require 

100% G4V-DND. The most realistic way to enhance the ratio is probably employing an 

optical manipulation focusing on the light absorption and emission processes that are the 

critical difference between the G4V-DNDs and undoped-DNDs [177–180]. 

Despite the abovementioned issues, the day is steadily approaching when the G4V-

DNDs will be put to practical use as fluorescent markers and single-photon sources. Their 

non-bleaching, bright, and sharp ZPLs promise advances in medicine and QIP. Moreover, 

this dissertation enables the further exploration of science. Combination of the detonation 

process and the optical characterization with the optical manipulation can provide all types 

of homogeneous F-NDs of single-digit nanometer size. The F-NDs can be used for 

fundamental physics research such as atomic physics because they are considered to be 

atomic-level optical materials that function stably in the ambient environment. Adopting 
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the F-NDs removes the requirements of atomic physics, such as a confinement system with 

ultrahigh vacuum, and leads researchers to study novel quantum phenomena simply. I 

conclude this dissertation with the sincere hope that the F-NDs and their detonation 

synthetic technologies will solve the social problems of our time and future. 
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