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INVESTIGATION OF THE CLUSTER STRUCTURE IN AQUEOUS SUSPENSIONS 

OF NANODIAMONDS BY SMALL-ANGLE NEUTRON SCATTERING 
 

The paper presents the results of the structural study of various types of the water-detonation nanodiamond liquid 

systems, which are obtained by small-angle scattering of thermal neutrons. It was shown that in the mass fraction range 

(0.3÷1.8) % the experimental spectra are well described by a two-level model of unified exponential/power-law  

approach. The resulting structural parameters allowed us to estimate the aggregation number in the studied systems. 

Sizes of the nanodiamond particles and their clusters are found as well as the fractal dimension of the latter. 
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Introduction 
 

The general interest to carbon materials associat-

ed with wide opportunities of surface modification 

and functionalization for various applications [1]. 

Detonation nanodiamonds are produced by the  

explosion of oxygen-unbalanced explosives without 

any additional carbon source [2, 3]. The resulting 

nanocrystals is a promising material for nanotech-

nology [4], including biomedical applications [5]. 

This is a typical nanomaterial with an average parti-

cle size of about 5 nm [1, 2], which has preferably 

spherical shape. However, it is difficult to separate 

the nanodiamonds from by-products of the explo-

sion. This is due to the formation of multi-level  

aggregation through non-diamond components. Re-

cently a number of methods of the nanodiamond 

disaggregation were developed. In particular, it is 

dispersion in liquid carrier [6]. As a result, the large 

specific surface area leads to the formation of stable 

clusters within size range (10÷500) nm [6, 7]. De-

termining the structure and description of cluster 

growth in suspensions are the actual problems of 

modern nanotechnology. Also an important aspect of 

the studying such systems is the prospect of a non-

aggregated nanodiamond suspension. 

At present, nuclear physics methods studying 

nanosystems, including nuclear magnetic resonance, 

activation analysis and diffraction of various radia-

tions etc., are widespread. Important among these is 

small-angle scattering of X-rays and thermal neu-

trons, which registers the scattering from inhomoge-

neities far exceeding the wavelength of radiation [8]. 

The using of neutrons has several advantages in 

studies of light chemical elements, and allows con-

trast variation procedure by isotopic substitution in 

the solvent. 

In previous papers we have carried out a structur-

al diagnostics of liquid systems with nanodiamonds 

based on polar solvents. It used small-angle neutron 

scattering method, which allows direct noninvasive 

studies of volume nanosystems. Thus, the optimal 

model describing scattering from cluster systems 

was determined [9] the internal structure of detona-

tion nanodiamonds particles was studied [7, 9 - 12], 

the analysis of the aggregation mechanism in such 

systems was done [12, 13], and cluster-cluster inter-

action was studied [12]. With respect to structure, 

special attention was paid to the size of given struc-

tures and fractal dimension, reflecting internal in-

terparticle correlations. The purpose of this paper is 

complete analysis structure of detonation nanodia-

monds clusters in aqueous suspension including an 

experimental determination of the particles number 

in the nanodiamond clusters, which is the main ob-

jective of the present study. 
 

Experiment 
 

In this paper, we focus our attention on detona-

tion nanodiamond aqueous suspensions of mass 

concentration up to 2 %. Such concentrations allow, 

firstly, to apply small-angle neutron scattering for 

studying the of the nanodiamond cluster suspensions 

structure, secondly, to avoid the influence of struc-

ture factor, i.e. interaction effects on the scattering 

[8], as, for example, has been received for a certain 

class of magnetic fluids [14]. On the one hand low 

content of dispersed phase in the system decreases 

the small-angle scattering signal, because the spec-

trum is proportional to the concentration. On the 

other hand, good contrast characteristics of the sys-

tem (the scattering length density of diamond is  

11.8 · 1010 cm-2 versus -0.56 · 1010 cm-2 for light wa-

ter) allows one spectrum detection with a good accu-

racy against the residual incoherent background be-

cause a differential cross section is proportional to 

the square of contrast (the difference between the 

scattering length densities of particles and solvent). 
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Various modifications of detonation nanodia-

mond aqueous suspensions, which are presented in 

the Table, were investigated. The first suspension 

DUNCD (system 1) was made in Nanocarbon Re-

search Institute (Nagano, Japan) by stirred-media 

milling under powerful ultra-sonication [2, 6] of 

commercial powders from Gansu Lingyun Nano-

Material Co. Ltd. (Lanzhou, China). Suspensions 

DND1 and DND2 (systems 2 - 3) were synthesized 

in Ioffe Physical-Technical Institute (St. Petersburg, 

RF) following the procedure described by Aleksen-

skii and Eydelman [15]; initial detonation nanodia-

mond powder from the Federal State Unitary Enter-

prise “Technolog” (St. Petersburg, RF). 

Also for the samples production commercial 

powders of detonation nanodiamonds RUDDM  

(Real-Dzerzhinsk, Dzerzhinsk, RF) and SDND 

(PlasmaChem GmbH, Berlin, Germany) were used 

[12]. The initial aqueous suspensions were prepared 

by dispersing the powder in water. Then they sub-

jected to vigorous stirring for 30 min and ultrasonic 

treatment for 1 h. Further suspensions were centri-

fuged at 25000 rev/min (relative centrifuge strength 

is 49000g at rmax = 7.01 cm) during 45 or 90 min. In 

each case light and heavy fractions were formed. 

Liquid systems SDND90, RUDDM45 and 

RUDDM90 (systems 5 - 7) are appropriate light 

fractions. SDNDL suspension (system 4) was  

received by SDND90 drying and following  

re-dispersion into water. 

Small-angle neutron scattering experiments were 

carried out on SANS-1 diffractometer, located at the 

FRG-1 steady-state reactor, Helmholtz-Zentrum 

Geesthacht (Geesthacht, Germany) [16], as well as 

on YuMO small-angle time-of-flight two-detector 

diffractometer at the IBR-2 pulsed reactor, Joint In-

stitute for Nuclear Research (Dubna, RF) [17, 18]. 

As a result of experiments for different systems dif-

ferential scattering cross section, isotropic over radi-

al angle φ in the detector plane, per unit volume of 

sample (scattered intensity) was obtained as a func-

tion of the modulus of the scattering vector 

q = (4π/λ)sin(θ/2), where λ is the incident neutron 

wavelength and θ is the scattering angle. 
 

Results and discussion 
 

Small-angle neutron scattering spectra for differ-

ent aqueous suspensions of detonation nanodia-

monds are shown in Fig. 1. There are two regions of 

power-law dependence, (0.2÷0.9) and (1÷2) nm-1, 

which are linear in double logarithmic scale. There-

fore, scattering reflects a two-level organization of 

particles in suspensions, the cluster level and the 

level of nanodiamond particles themselves (Fig. 2 

for details). 

 

Fig. 1. Small-angle neutron scattering spectra for 

different water-detonation nanodiamond suspensions. 
 

 

Fig. 2. An example of the small-angle neutron scattering 

spectrum for detonation nanodiamond suspension 

(points). Solid line shows the fitting according to the uni-

fied exponential/power-law approach. Dot lines indicate 

the power-law scattering regimes for cluster structure 

(small q-values) and diffusive surface of detonation 

nanodiamond particles (large q-values). Guinier regimes 

for two scattering levels are shown by dash lines. 
 

Small-angle neutron scattering curves of the in-

vestigated systems can be fitted in a frame of a two-

level model of the unified exponential/power-law 

approach [9.20]: 
 

   2 2 2 2

1 1 1 2( ) exp / 3 exp / 3g gI q G q R B q R      

 

   11/2 2 2

1 2 2erf ( / 6 ) / exp / 3
P

g gqR q G q R     

 

  21/2

2 2erf ( / 6 ) / ,
P

gB qR q C                  (1) 

 

where the parameters with ‘1’ and ‘2’ indices refers 

to the clusters scattering level and the composing 

nanodiamond particles scattering level, respectively; 

Rg is gyration radii, some characteristic sizes; P is 

the exponents of power-law scattering that charac-

terize intraparticle correlations; G and B are related 

to the density of scattering centers and neutron con-
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trast; C is residual incoherent background that is al-

ways present in the experiments, especially for the 

hydrogen-containing systems. 

In fact, at each level scattering Eq. (1) combines 

Guinier regime that contains information about the 

size and the total amount of matter that scatters, and 

power-law regime that characterizes the internal 

structure. Thereby, Eq. (1) describes whole small-

angle neutron scattering curve that allows to avoid 

the uncertainties in the approximation of separated 

spectrum regions using simple functions. The con-

centration range (0.3÷1.8) % allows one to detect 

both scattering levels, whereas the more dilute liquid 

system (~ 0.1 %) make it possible to detect only the 

scattering level of the clusters [13]. 

Power-law type of mentioned spectrum regions, 

which differs from the Porod law (I(q) ~ q -4), indi-

cates that the investigated system exhibits fractal 

properties [19], i.e. clusters are not tightly packed, 

and the surface of the detonation nanodiamonds par-

ticles is characterized by heterogeneous distribution 

of the scattering length density [11]. Thus, for all 

investigated systems P2 is greater than 4, which 

means presence of certain scattering length density 

modulations on the surface of nanodiamonds, which 

correspond to the so-called diffuse surface type [10, 

11]. Organization of nanodiamond clusters is fractal-

like that follows from the value of the exponent 

P1 ~ 2.40 < 3; this means that one have deal with 

branched aggregates [19]. In addition, the fractal 

dimension values, which are close for all suspension 

independently of the synthesis conditions, suggest a 

common aggregation mechanism in such systems. It 

was reported that it is close to the diffusion limited 

aggregation model [9, 12]. 

The characteristic nanodiamond particle radius 

Rg2 for all systems lies in the relatively narrow range 

(1.7÷2.8) nm. A cluster gyration radius Rg1 is pre-

sented in the Table and depending on the system 

varies from 6 to 27.2 nm. 
 

Structural parameters 

of the nanodiamond suspensions 
 

System Suspension 
Mass 

frac-

tion, % 
Rg1 , nm Ncl 

1 DUNDC 1 27.2 ± 5 256 ± 8 

2 DND1 1.8 16.2 ± 0.31 143 ± 10 

3 DND2 0.31 15.6 ± 1.1 160 ± 70 

4 SDND L 0.5 7.63 ± 0.23 75 ± 10 

5 SDND90 1.5 7.1 ± 0.17 79 ± 13 

6 RUDDM45 0.8 8.31 ± 0.05 84 ± 4 

7 RUDDM90 0.4 6.0 ± 0.4 3 ± 2 
 

Forward scattering intensity of both levels, G1 

and G2, are appropriate asymptote of the Guinier-

type terms (first and third terms in Eq. (1)) for small 

scattering vector modulus values for each curve of 

small-angle scattering. For clusters of monodisperse 

particles: 
 

2

1 ~G N  ,                                (2a) 
 

2 ~G N  ,                                (2b) 
 

where N is number of particles in a particular clus-

ter, ⟨…⟩ means averaging over all clusters in a sys-

tem. So the estimation of the aggregation number, 

i.e. the average number of particles in the cluster, 

can be obtained as [21]: 
 

2

1 2clN G G N N      .                    (3) 
 

The results are presented in the Table. One can 

see that the cluster size as well as the number of par-

ticles is sensitive to the synthesis conditions and the 

initial concentration of nanodiamonds in the system. 

Small-angle neutron scattering method allows to 

determine the aggregation number Ncl. However, for 

low concentrated systems of small clusters the  

experimental error increases. This is due to the in-

fluence of residual incoherent scattering background 

in experimental spectra. The source of mentioned 

background mainly is protons from the water. Full 

background removal by replacing the protonated 

solvent to deuterated not fundamentally improve the 

results, because in this case the neutron contrast will 

be significantly reduced, because the scattering 

length densities of heavy water is 6.34 · 1010 cm-2. 

The difference between the scattering length densi-

ties of particles and liquid carrier reduced to ~ 2.3 

times, and in turn small-angle neutron scattering 

signal reduced to ~ 5.1 times. Still correlation  

between the gyration radius and the aggregation 

number is well evident: they are growing simultane-

ously, indicating the accuracy of the analysis. 
 

Conclusions 
 

The small-angle neutron scattering experiments 

allows one to determine the structure of detonation 

nanodiamonds cluster suspensions based on water. 

The obtained experimental structural parameters of 

nanodiamond particles that describe the size and 

nature of the surface are consistent for all studied 

systems. The investigated clusters are characterized 

by fractal structure (fractal dimension ~ 2.4). It is 

proved that the small-angle neutron scattering can be 

used for direct determination of an aggregation 

number of the nanodiamond particles in suspensions. 

It is shown that some synthesis methods allow  

obtaining the liquid systems containing clusters of 

about ten nanodiamond particles and the size of the 

order of 10 nm. 
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ДОСЛІДЖЕННЯ БУДОВИ КЛАСТЕРІВ У ВОДНИХ СУСПЕНЗІЯХ НАНОАЛМАЗІВ 

МЕТОДОМ МАЛОКУТОВОГО РОЗСІЯННЯ НЕЙТРОНІВ 
 

Представлено результати дослідження структури різних типів рідинних систем «вода - детонаційний на-

ноалмаз», які отримано за допомогою методу малокутового розсіяння теплових нейтронів. Було показано, що 

в діапазоні масових часток (0,3÷1,8) % експериментальні спектри добре описуються дворівневою моделлю 

універсального експоненційно-степеневого наближення. Отримані структурні параметри дозволили оцінити 

числа агрегації в досліджуваних системах. Знайдено розміри наноалмазних частинок та їхніх кластерів, а та-

кож фрактальну розмірність останніх. 

Ключові слова: детонаційні наноалмази, малокутове розсіяння нейтронів, фрактальні кластери, число  

агрегації. 
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ИССЛЕДОВАНИЕ СТРОЕНИЯ КЛАСТЕРОВ В ВОДНЫХ СУСПЕНЗИЯХ НАНОАЛМАЗОВ 

МЕТОДОМ МАЛОУГЛОВОГО РАССЕЯНИЯ НЕЙТРОНОВ 
 

Представлены результаты исследования структуры разных типов жидкостных систем «вода - детонацион-

ный наноалмаз», которые получены с помощью метода малоуглового рассеяния тепловых нейтронов. Было по-

казано, что в диапазоне массовых долей (0,3÷1,8) % экспериментальные спектры хорошо описываются двух-

уровневой моделью универсального экспоненциально-степенного приближения. Полученные структурные па-

раметры позволили оценить числа агрегации в исследуемых системах. Найдены размеры наноалмазных частиц 

и их кластеров, а также фрактальная размерность последних. 

Ключевые слова: детонационные наноалмази, малоугловое рассеяние нейтронов, фрактальные кластеры, 

число агрегации. 
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