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Abstract  

Dispersed detonation nanodiamonds have been studied by continuous-wave (CW) and pulse EPR 

techniques. The spectrum of bulk radicals (g = 2.0025 ± 0.0002, a Lorentz line shape with ΔHpp = 0.95 ± 

0.05 mT) dominated in CW EPR and prevented to record spectra from other paramagnetic species. The 

pulse EPR spectrum was the superposition of the distorted P1-center spectrum with parameters (g = 

2.0025, Axx = 2.57 mT, Ayy = 3.08 mT, Azz = 4.07 mT), the H1-center spectrum (g = 2.0028) and the 

single line (g = 2.0025, ΔHpp = 0.40 ± 0.05 mT) from other centers which may be assigned to surface 

radicals. The concentration of P1-centers has been estimated by CW EPR as 2 ± 1 ppm N. 

 

Keywords: Synthetic diamond, Nanocrystalline, Detonation nanodiamond, Defect characterization, EPR, 

P1-center, H1-center 

 

Introduction 

The interest in nanodiamonds prepared by detonation techniques has increased in the last years 

[1-4]. These materials have small primary particles of diamond of several nanometer sizes together with 

various admixtures depending on the sample purification [5-7].  

Detonation nanodiamonds have EPR spectra with g = 2.0026 - 2.0028, a Lorentz line shape with 

peak-to-peak derivative linewidths ΔHpp varying from 0.75 to 1.2 mT and intensities up to 10
20

 spins/g 

[5-10]. Due to the short spin-lattice relaxation time (<10 μs [8]) of these radicals there is little 

microwave saturation at a microwave power up to 200 mW. The assignment of this spectrum to the 

dangling C-C bonds on the diamond cluster surface [5] or to the unpaired electrons located in the bulk of 

the nanodiamond particle [10, 11] is under discussion.  

A variety of paramagnetic defects has been discovered in natural and synthetic diamonds [12]. 

Detonation nanodiamond contains up to 2 wt.% nitrogen [13]. However, the concentration of 

paramagnetic nitrogen-containing defects in detonation nanodiamond is very low. According to 

theoretical considerations the nitrogen atoms are metastable within the core of nanodiamond [14, 15]. 

Continuous-wave (CW) EPR was ineffective in the detection of paramagnetic substitutional nitrogen [16, 

17] but the use of pulse EPR allowed to record echo-detected EPR spectra of the P1-centers (carbon 

atom substituted by nitrogen) in the detonation nanodiamond [18, 19]. The sintered detonation 

nanodiamond with increased crystallites size (8.5 nm) had a better pulse EPR-spectrum of the P1-centers 

[19, 20]. However, detailed data of the magnetic resonance parameters as well as of the concentration of 

the P1-centers in detonation nanodiamonds are absent.  

Detonation nanodiamonds have been used as effective and stable catalysts [21] and catalyst 

supports [22]. Therefore the study of the structure as well as the surface properties of such species is of 

great importance.  



It was interesting to study detonation nanodiamonds by CW and pulse EPR techniques to detect 

paramagnetic species, to analyze their magnetic resonance parameters and to find the concentration of 

the P1-centers.  

 

Materials and methods 

The first nanodiamond sample (designated as ND#1) was prepared from the commercial 

detonation nanodiamond, produced by Gansu Goldstone Nano-Material Co., Ltd., Lanzhou, China [13]. 

This material was suspended in an excess of water and subjected to stirred-media of milling with 30 μm 

zirconia beads to prepare a stable colloidal solution of disintegrated primary single-nano buckydiamond 

(SNBD) particles. The preparation of the aqueous SNBD colloidal solution that is characterized by a 

narrow particle size distribution pattern with an average particle size value ~5 nm was described in 

detail elsewhere [23, 24]. ND#1 powder was produced by drying of stable aqueous dispersions of SNBD 

at room temperature.  

The second nanodiamond sample (designated as ND#2) was prepared at the Zababakhin All-

Russia Research Institute of Technical Physics, Russian Federal Nuclear Center [25].  

 CW EPR measurements were made on a Bruker ELEXSYS E500-10/12 spectrometer. Spectra 

were recorded at suitable microwave power level to avoid saturation effects. The g-values were 

determined by comparison with the g-value of the 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) in 10
-

4
 M toluene solution (g = 2.00611 [26]). To avoid systematic g-factor errors EPR spectra of 

nanodiamond samples as well as of the TEMPO standard were registered together with a Mn
2+

/MgO 

sample placed in the same resonator. The accuracy of the g-factor determination was estimated to be 

±0.0002. The concentration of radicals was determined according to [27] by a comparison of the double 

integral of the EPR-spectrum, divided by the amplitude of the EPR-spectrum of a secondary standard 

(Cr
3+

 in ruby), with the corresponding value for a weighted sample of TEMPO. The accuracy of the 

determination of the radical concentration was estimated to be ±10%.  

Pulse EPR measurements were made on a Bruker E580 spectrometer. Echo-detected EPR spectra 

were recorded as the intensity of the simple Hahn echo depending on the magnetic field. Spin–lattice 

(T1) relaxation times were measured by using the inversion recovery pulse sequence (π – T – π/2 – tau – 

π/2 – tau – echo). Spin–spin (T2) relaxation times were measured by using the simple Hahn echo 

sequence (π/2 – tau – π – tau – echo). The value of tau was 180 ns or 200 ns. Both values gave similar 

results. Details on the treatment of pulse spectra as well as on the measurements of relaxation times can 

be found in [28].  

All EPR measurements were made at room temperature.  



 EPR spectra were registered in the presence of air over the sample as well as after air evacuation 

by rotary pump up to 1.3 Pa (10
-2

 torr). The reversible influence of air on the relaxation times has been 

confirmed by opening of the evacuated sample to air and repeated evacuation followed by pulse EPR 

measurements after each procedure.  

 Simulation of the EPR-spectrum of the P1-center in nanodiamond was made by an automatic 

fitting method described in [29].  

 

Results and discussion. 

Both nanodiamond samples had intensive EPR spectra at g = 2.0025 ± 0.0002 (Figure 1, spectra 

1 and 3). These spectra had a Lorentz line shape with peak-to-peak width ΔHpp = 0.95 ± 0.05 mT. The 

spin concentration was 8 10
19

 spins/g for ND#1 and 7 10
19

 spins/g for ND#2. The presence of air as 

well as of vacuum 1.3 Pa over the samples did not influence on the shape and the intensity of EPR 

spectra (in the range ±10%). Data on the g-factor as well as on the concentration of paramagnetic centers 

are consistent with the literature within the experimental errors [5, 8, 9]. According to recent NMR data 

[10, 11], these paramagnetic centers are located mainly in the bulk.  

In pulse EPR measurements, the spin echo signal at g = 2.0025 was almost negligible. This result 

may be explained by short relaxation times of the paramagnetic centers [8] which did not give echoes 

under the experimental conditions. Registration of echo-detected EPR spectrum at room temperature 

together with prolonged accumulation (overnight) allowed to get good patterns of the P1-center (Figure 

1, spectra 2 and 4) without the broad line corresponding to other radicals as observed previously at low 

temperatures [18, 19].  

The best simulation of the P1-center spectrum (Fig. 2, spectra 1 and 2) has been achieved with 

h.f.s. parameters Axx = 2.57 mT, Ayy = 3.08 mT, Azz = 4.07 mT. EPR spectra of a P1-center with axial 

h.f.s. tensor have been observed previously in diamond crystals [30, 31], in polycrystalline diamond 

films [32, 33] and in carbonado [34]. According to [32], the internal stress caused the distortion of axial 

symmetry of the P1-center in some CVD diamond films. The slight deviation from an axial symmetry of 

the h.f.s. tensor of the P1-centers in the nanodiamond observed in the present work also may be 

explained by a distortion of the diamond lattice. Our data are consistent with the model of nanodiamond 

proposed in [35, 36]. According to [35, 36], there is a core with a perfect diamond lattice which is 

surrounded by a shell of compressed diamond lattice, and this core-shell structure is enveloped in a non-

diamond carbon. Recent NMR data [11] showed the presence of nitrogen atoms in the shell of 

nanodiamond particle, not in the core. It is possible to propose that the P1-centers are located in the 

compressed diamond shell. However the possibility of the distortion of the nanodiamond core caused by 



a small size of the crystallites can not be excluded completely. For the annealed detonation 

nanodiamond with larger crystallites size the distortion of the P1-centers has not been reported [20]. 

Therefore the distortion of the P1-centers is typical only for the smallest size of nanodiamond 

crystallites. The question on the presence or absence of P1-centers in the nanodiamond core as well as in 

the shell requires additional investigations.  

Other spectra are overlapped and are difficult to be analyzed (Figure 2, spectrum 3). Taking into 

account the EPR data on CVD diamond films [37, 38] the spectrum 3 of the figure 2 may be interpreted 

as the superposition of the spectrum from the H1-center (the defect in diamond lattice containing one 

hydrogen atom, g = 2.0028) and the single line (g = 2.0025, ΔHpp = 0.40 ± 0.05 mT) from other centers. 

It is worth to note that radicals of the crystal diamond surface have similar parameters (g = 2.0025 - 

2.0027, ΔHpp = 0.5 - 0.6 mT) [39-42]. The oxygen effect is well-known for surface radicals of carbon 

[43]. A slight influence of ambient oxygen on the relaxation times T1 and T2 measured at the central 

field position (Table 1) allowed us to propose that the single line spectrum can be due to the surface 

radicals, probably carbon dangling bonds. Both P1-centers and H1-centers are bulk defects and therefore 

do not have to interact with the ambient oxygen. The concentration of surface radicals is very low in 

comparison with the concentration of bulk radicals and is difficult to be measured. However surface 

radicals are not absent completely in the detonation nanodiamonds.  

The detection of the P1-centers spectrum by pulse EPR means that a similar spectrum has to be 

present in CW EPR [18]. However the intensive broad line from bulk radicals (Fig. 3, spectra 1 and 2) 

prevented to detect it. The problem was how to simulate [44] and subsequently subtract this broad line to 

see the spectrum of P1-centers. We have found that fitting of the broad line by the mixed Lorentz + 

Gauss derivative line (XEPR software) gave good results (Figure 3, spectra 1’ and 2’). The difference 

spectra contained patterns corresponding to the P1-centers, which have been detected also by pulse EPR 

(Figure 2).  

The central part of the difference spectra (Figure 3, spectra 3 and 4) showed three lines. The 

distance between these lines increased with the increase of the microwave power. Therefore these lines 

may not be interpreted as a real spectrum and might arise due to the imperfection of the fitting. The 

question about the best fitting of the spectrum of bulk radicals requires additional investigation.  

Lines corresponding to the P1-center do not arise from the imperfection of the spectrum fitting 

and can be used for the estimation of the concentration of paramagnetic nitrogen. It has been reported 

[17] that the concentration of paramagnetic nitrogen in detonation nanodiamonds is less than 10 ppb. We 

have found that the concentration of P1-centers is larger. With the use of the model spectrum (Figure 3, 

spectrum 5), we have estimated the concentration of P1-centers as (8 ± 4) 10
16

 centers/g or 2 ± 1 ppm 

N. Taking into account a total content of nitrogen of 2 wt.% or 2 10
4
 ppm [13], it is possible to 

conclude that only a fraction part of 10
-4

 of the nitrogen in detonation nanodiamond is in P1-centers.  



According to broad range EPR spectra (Figure 4) the ND#2 sample contained more transition 

metal impurities than the ND#1 sample. However both nanodiamond samples gave similar CW and 

pulse EPR spectra (see Figure 1). Therefore we have not found the influence of the transition metal 

impurities on the structure and the concentration of the P1-centers, H1-centers and radicals.  

 

Conclusion 

The detonation nanodiamonds contain distorted P1-centers, H1-centers and radicals located 

mainly in the bulk. The spectrum of bulk radicals (g = 2.0025 ± 0.0002, a Lorentz line shape with ΔHpp 

= 0.95 ± 0.05 mT) dominates in CW EPR and prevents to record spectra from other paramagnetic 

species. The bulk radicals are not manifested in pulse EPR because of short relaxation times. The pulse 

EPR spectrum is composed of lines due to P1-centers with parameters (g = 2.0025, Axx = 2.57 mT, Ayy = 

3.08 mT, Azz = 4.07 mT), H1-centers (g = 2.0028) and a single line (g = 2.0025, ΔHpp = 0.40 ± 0.05 mT) 

from other centers which may be assigned to surface radicals because of the observed influence of 

ambient oxygen on the relaxation times measured by pulse EPR. EPR data are consistent with the core-

shell model of the detonation nanodiamond. The concentration of P1-centers is estimated by CW EPR as 

(8 ± 4) 10
16

 centers/g or 2 ± 1 ppm N. Transition metal impurities did not influence on the structure 

and the concentration of the P1-centers, H1-centers and radicals in the samples under study. 
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Table 1.  

Relaxation times T1 and T2 (μs, ± 10%) of radical species in the detonation nanodiamonds exposed to air 

and under vacuum 1.3 Pa (measured by pulse EPR at the central field position). 

 

Sample T1 (air) T1 (vacuum) T2 (air) T2 (vacuum) 

ND#1 1.6 1.9 0.11 0.13 

ND#2 1.8 2.1 0.13 0.17 

 



 

Figure 1. Normalized EPR spectra of detonation nanodiamonds: 1 and 3 – CW EPR (in integral form); 2 

and 4 - echo-detected EPR; 1 and 2 – ND#1 sample; 3 and 4 – ND#2 sample.  



 

Figure 2. 1 – First derivative of echo-detected EPR spectrum of ND#1 sample; 2 –model spectrum with 

parameters (g = 2.0025, nuclear spin = 1, Axx = 2.57 mT, Ayy = 3.08 mT, Azz = 4.07 mT, Voigt line shape 

with ΔHpp = 4.0 G and Lorentzian/Gaussian line-width ratio equal to 1.0); 3 – result of subtraction of 2 

from 1. 



 

Figure 3. CW EPR spectra of detonation nanodiamonds: 1 – ND#1 sample; 2 – ND#2 sample; 1’ and 2’ 

(markers) – fitted spectra for 1 and 2, respectively; 3 – result of subtraction of 1’ from 1; 4 – result of 

subtraction of 2’ from 2; 5 – model spectrum of P1-center (the same that in Figure 2, spectrum 2). 

Arrows show the amplitude of the mI = +1 line of the P1-center spectrum.  



 

Figure 4. Broad range CW EPR spectra of detonation nanodiamonds: 1 – ND#1 sample; 2 – ND#2 

sample. Spectra registered at microwave power 200 mW, microwave frequency 9.79 GHz, modulation 

amplitude 0.1 mT, modulation frequency 100 kHz. EPR spectrum at g = 2.0 is assigned to the radical-

like paramagnetic centers [5], at g = 4.3 - to the Fe
3+

 ions situated in a non-crystalline phase [45], at g = 

2.8 - to the background signal of empty resonator and a broad line at g = 2.2 - to the ferromagnetic 

resonance of Fe, Co or Ni [8]. 
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