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Abstract A spatial transition of the carbon state in detonation nanodiamond (DND) from crystalline
diamond inside the particle to a graphite-like state at DND surface is proposed on the basis of small-angle
neutron scattering (SANS) analysis. The SANS contrast variation from concentrated (5 wt %) dispersions
of DND in liquids (water, dimethylsulphoxide) reveals a shift in the mean scattering length density of
DND as compared to pure diamond, which is related to the presence of a non-diamond component in the
DND structure. At the same time, the diffusive character of the particle surface is deduced based on the
deviation from the Porod law. The two observations are combined to conclude about the continuous radial
density profile over the whole particle volume conforming to a simple power law. The profile naturally
suggests that non-diamond states are concentrated mainly close to the particle surface; still there is no

sharp boundary between the radial distributions of the two states of carbon in DND.

1. Introduction
The question how much the structural properties of nanocrystallites differ from the
properties of bulk crystals is the key point of nanoscience [1-13]. Its origin is related to the fact
that the binding configuration of atoms at the crystallite surface cannot fully repeat that of the
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inside of the crystal, and, hence, there should be a transitional layer from a purely crystalline
state of atoms inside the crystallite to a surface state. For nanoparticles with a highly specific
surface such layer can comprise a significant part (up to 50%) of particle atoms resulting in
principally new properties as compared to micron-sized crystals where the interface effects are
small. One of the most remarkable examples of the discussed spatial transition is detonation

nanodiamond (DND) with the crystallite size down to 5 nm [14-16]. It is characterized by a
natural change of the sp® hybridization of carbon in the 3D diamond structure to the surface sp?
graphite-like state [17,18]. The existence of the diamond lattice in 3D even at this limiting size
scale is well supported by the X-ray diffraction (XRD) data [14-16]. At the same time, the sp?

hybrid bonds are reflected in various spectroscopic (UV-Raman, XANES, FTIR) [19] and
resonance (EPR, NMR) [20] methods. In some cases, the graphite-like shell comprising two-
three graphene sheets is resolved directly in the HRTEM images [16].

Recently, the effective thickness of the non-diamond shell in DND was estimated [21] to
be at the level of 0.5 nm (for the whole particle size of about 7 nm) from the data of small-angle
neutron scattering (SANS) with the contrast variation on liquid dispersions of purified DND
[15]. It was followed from the experimentally observed shift in the mean scattering length
density (SLD) of DND over that of pure diamond towards lower values, which was explained by

the fact that there is a significant difference in the mean SLD between diamond
( Paiam =11.8(3)x10"°cm™?) and graphite ( pg,,, = 7.0(3)x10°cm™). Then, the DND particles

were assumed to be ‘core-shell’ structures with a sharp boundary between the diamond ‘core’
and graphite ‘shell’. At the same time, a specific feature of DND additionally found by SANS is
the diffusive character of the particle surface, which upsets the Porod asymptotic behavior of the
scattering at large values of the momentum transfer and suggests a more complex modulation of
the diamond-graphite spatial transition as compared to the ‘core-shell’ representation. Here, we
show that a thorough consideration of this transition combining different scattering levels of the
DND liquid dispersions gives an evidence for the existence of a continuous SLD profile over a
whole DND particle. This means that the mentioned transition does not show any strict ‘core-
shell’ boundary and formally starts from the particle center.

2. Experimental
For the analysis the reported previously [21] experimental SANS data for DND
dispersions in water and dimethylsulphoxide (DMSQ) are taken. The concentrated (10 wt %)
solutions in H,O and DMSO were synthesized by the stirred-media milling together with the
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powerful sonication in wet conditions as described in [22]. During experiments on the SANS
contrast variation the initial samples were diluted by half with different mixtures of light and
heavy components of the solvents, so that the content of the deuterated solvent, 7, in the final
solutions took several values in the range of 0-50 vol. % at definitely one particle concentration.
The choice of the n-range was motivated by the fact that at the used dilution of the initial
solutions the particle concentration remained high to produce a rather strong SANS signal
against the possible residual incoherent scattering background, which usually occurs in neutron
scattering experiments (especially in case of hydrogen-containing solvents) after the raw data
treatment. This has made it possible to achieve a rather good precision in the determination of
the structural characteristics of DND clusters. Additionally, for the indicated #-range the
coherent scattering from the solvents is low, which is important for describing the scattering
from the diffusive surface of the particles (see discussion below).

The SANS curves within the g-interval of 0.05 - 2.5 nm™ were obtained in accordance
with the standard procedure at the SANS-1 instrument of HZG (Geesthacht, Germany). As it is
followed from the previous analysis of the experimental data [21], DND nanoparticles in the
liquid dispersions are associated into large (characteristic size above 120 nm) aggregates with a
quite developed structure (fractal dimension about 2.3). The latter explains the interpenetration
of the clusters and formation of gel-like structures in the concentrated solutions following from
the dependence of the forward scattered intensity on the DND volume fraction. The absence of
closed volumes in the clusters that are inaccessible for the solvent is concluded based on the
characteristic changes of the scattering when varying the solvent SLD. The assumed structure of
the clusters composed of DND nanoparticles in the studied solutions as ‘seen’ by SANS is
schematically illustrated in Fig. 1. Possible structural details [17,23] concerning the non-
sphericity of the DND particles (because of the polyhedral structure of crystallites) as well as
their specific organization in clusters are omitted in Fig. 1, since they cannot be concluded

unambiguously from the SANS curves.

3. Results and discussion

The changes in the experimental curves at different contents of deuterated components in the
DND liquid dispersions are followed in Fig. 2. A monotonic decrease in the absolute scattered
intensity with insignificant changes in the character of the curves is observed. The absence of
secondary peaks and bands in the curves reflects the polydisperse nature of the DND particles,

which smoothes the characteristic minima of the possible polyhedral DND structures and allows



one to consider them as spherical units. Two scattering levels are distinguished in the SANS

curves in Fig. 2. They can be described in terms of the particle form-factor, P(q), responsible

for the inner structure of the basic DND particles (particle level at large g-values) and the

structure-factor, S(q), reflecting both the correlation between particles in the cluster and the

correlation between clusters themselves (cluster level at small g-values). These factors are
combined into the scattered intensity as:

1(a) = P(a)S(a) 1)

The S(q) factor is responsible for the effective Guinier-type behavior of the scattering at the

smallest g-value:
(@)=, 10)exp(-Rja*/3), )
where 1(0) is the forward scattered intensity, and R, is the apparent radius of gyration. Here

these parameters are referred to the cluster level. At the given cluster concentration along with
the characteristic cluster size these parameters are determined strongly by a specific radius of
correlation between clusters [21]. In Fig. 2 the experimentally found radii of gyration of the
cluster level are Ry = 18.3(1) nm for water and Ry = 16.1(3) nm for DMSO. It increases when
diluting the systems. To some extent they depend on the preparation of the studied colloidal
solutions, nevertheless, an essential observation is that for the given systems with one particle
concentration this parameter does not change within the error with the contrast variation, thus
indicating that the aggregates can be considered to be homogeneous at the scale > 10 nm, and the
structure-factor S(q) is certainly independent of the contrast. The break in the curves around
g=1nm"is a trace of the Guinier law (2) but only for the particles composing clusters with the

corresponding parameters I,,(0) and R, in Eq.2, which is modulated by the S(q) factor of

the clusters at smaller g-values. As an example, the extrapolation of the Guinier law for the
particle level towards small g-values is shown in Fig. 2 for one of the samples of each series. The

changes in 1,,(0) and R, with the content of the deuterated components in the solvents are

discussed below.

As one can see there are two regions with power-law dependence in the experimental curves
(also distinguished in Fig. 2). The homogeneous character of the particles following from the
contrast variation allows one to treat the two scattering levels in Fig.2 by the unified

exponential/power-law approximation [24]:
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Again, the ‘ND’-index denotes the particle (nanodiamond) level, while the parameters without
indexes correspond to the cluster level; Ps corresponds to the particle surface; C is the residual
incoherent scattering background. Each level in Eq.3 is represented by a combination of two

terms, which are the purely Guinier-type term and the modified power-law type term. In the
second term the renormalized q -variable (q" = q/[erf (kaR, /\/E)]‘"’, where k is an empirical

constant equal to 1 for the mass scattering and 1.04 for the surface scattering) is used. The error
function in the renormalization has a cut-off effect for the power-law term at small g-values, so
one can apply the well-parameterized universal combination of the two terms in the simultaneous
fitting of the experimental data comprising two types of the scattering. Additionally, when two
levels are considered in one expression as in Eq.3, a specific exponential coefficient in the
power-law term of the first level (here cluster level) is to be introduced to describe appropriately
the transition between the two levels in a scattering curve. The similar approximation was used
previously for treating the scattering from nanodiamond and other carbon nanostructures
[21,25,26]. As a result, the parameters of both levels are obtained as a function of the content of
the deuterated component in the solvent. While the power-law scattering of the cluster level with
the exponent P = 2.3 reflects the fractal-type organization of the clusters, the particle level shows
a power-law type scattering with the exponent of Ps = 4.14, which is different from the expected
Porod exponent Ps = 4 for a sharp interface. Such kind of the g-dependence of the scattered
intensity is a characteristic of the so-called diffusive interface [27-29]. The latter can be
considered in two ways (Fig. 3).

First, the radially averaged SLD profile of the interface between two homogenous phases
(particles and solvent) takes the form [27-29]:
Po— Ps» O<r<R-d;

R-r

= ;
(po—ps)(T) , R—d<r<R,

p(r) 4)

where p, and p, are the SLD of the particles and solvent, respectively; r is the distance from

the center of the solute particle with the maximal outer radius of the shape, R, and d is the
thickness of the transitional diffusive layer at the particle surface. In fact, the d-parameter
characterizes the rate of the solvent penetration into the particle because of specific surface

peculiarities (Fig. 3a). These peculiarities are determined by the S -exponent, which lies within
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the interval of 0-1, so that the derivative of the p(r) function has a limit d p/dr — o at a point

r = R. The asymptotic behavior of the scattering form-factor for the profile (4) is [29]
P(q) = Bqg“*) (5)
g

where the B coefficient is defined as
B=2zn(p, —p,)’ST*(B+1)/d** (6)
and S is the area of the particle surface accessible for the solvent. In terms of Eq.3 the exponent
Ps=4+2p.
Another case is when spherical-like particles themselves have some inner non-
homogeneous SLD distribution, and the solvent access is restricted by the outer particle radius, R

(Fig. 3b). Then, p, is the SLD of some homogeneous particle “core”, which starts to change

towards the periphery at r >R—d as:
Lo O<r<R-d;

p(r)= pO[R—r

B 7
Tj,R—d<r<R. ()

The principal difference with the previous case concerns the asymptotic behavior of the
scattering for profile (7) when the particles are placed in the solvent with SLD p,. The fact that
there is no transitional interface between the particle and the solvent with one contrast factor for
the profile (7) results in additional coherent scattering contributions from the solvent [30]. The
asymptotic power-law type scattering is observed as well, but both the coefficient and the
exponent of the corresponding power law are now affected strongly by the solvent SLD.
However, there is a unique situation when Egs. 5, 6 are true in the considered case as well. It
takes place at p, = 0.

From the two kinds of the diffusive profiles the profile (7) should be considered for
nanodiamond particles after one takes into account their inhomogeneous structure with respect to

a diamond-graphite spatial transition. Then, the p, density is naturally associated with the
crystalline diamond in this case. However, to satisfy (5) the profile (7) follows the transition
Paiam — 0. If ONe adds the constant p,.,, to (7) with the corresponding renormalization of p, to

fix explicitly the required transition py., = py.n &t r =R, it will be equivalent to the situation

o, #0 when Eq.5 does not hold. The contradiction is resolved, if g << 1 in (7), which really

takes place in practice! In Fig. 4 one can compare the principal view of the SLD profile (7) for

different d /R ratios with the profiles corresponding to the sharp Porod interface and mentioned
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‘core-shell” approximation with the transition py.., — 0. » respectively. One can see that for a

sufficiently small £ -value the profiles (7) almost coincide with the sharp ‘core-shell” interface at
r = R because of their infinite derivatives at the outer particle radius and, thus, describe well the

transition to p, . -
From the experimental viewpoint the closest case to the condition p, =0 corresponds to O-
10% of the deuterated component in the solvents, when p, =0.13x10°cm™ (10% of D,0) and

p, =—0.046x10"cm™ (0% of D-DMSO) in water- and DMSO-based solutions, respectively.
The slopes in the double logarithmic experimental plots in Fig. 2 for these solutions give for the
S -parameter the value of 0.07(1) in accordance with Eq.5, so it satisfies well the condition
S << 1. It grows a little with increasing content of the deuterated components in the solvents
because of the effect of solvent scattering.

Like the ‘core-shell’ approximation the p(r) function of kind (7) also has a break (at
r=R-d) defined by the d-parameter, thus assuming a distinct boundary between the diamond
core and the non-diamond diffusive shell. While such p(r) explains the non-Porod behavior of
the scattering at large g-values, one obtains surprisingly large d-values when fitting it to the
experimentally found mean SLD of DND. Thus, for the 7-nm DND nanoparticle indicated in
Fig. 1 in the monodisperse approximation the corresponding estimates give d = 2.5 nm. This
means that for polydisperse particles (which, in fact, produce smeared scattering at the particle
level in Fig. 2) a significant part of the particles should meet the condition d = R. This gives an
idea to consider the corresponding approximation, or continuous diffusive profile (Fig. 4), as an

intrinsic property of all particles. So, the substitution d =R into (7) gives the formula:

B
p(r):po(l—%j , 0<r<R. (8)

The smaller is the g -value, the lesser is the difference between (8) and (7). So, the smallness of
the g -parameter allows one to consider the profile (8) as a good approximation to the profile (7)
in the case when d is not strictly equal to R but approaches it (see Fig. 4).

The new radial profile suggests that there is no sharp boundary between the homogeneous
“core” and diffusive layer, so a continuous transition from the p,-value of the SLD in the

particle center to zero value in the particle boundary takes place. Such approximation results in

quite specific contrast behaviors of the scattering invariants corresponding to different parts of



the scattering curves. Thus, the forward scattered intensity is determined by the mean SLD of the

profile (8), which is now can be easily found as

—_lR 20 6,0,
Py [P = s Y )

where V = (4/3)zR? is the particle volume restricted by the radius R. The important point is that

the mean SLD in this case does not depend on the particle size! So, despite the fact that the
particles are polydisperse, from the viewpoint of the contrast variation they behave like
monodisperse particles with the one mean SLD. Actually, in accordance with the definition of

the effective match point, p,, for non-homogenous polydisperse particles [31] one has
p.=(V)IN?=p. (10)
Hereafter, the brackets (...) denote the averaging over the polydispersity function.
In the standard procedure of the contrast variation one finds p from the dependence of the
forward scattered intensity I,,(0) (referred to the particles) on the varied solvent SLD. Here, for

this purpose it is preferable to use the cluster level, i.e. the effective forward scattered intensity
from the clusters. In accordance with (1) two kinds of the forward scattered intensity differ only

by the S(0) factor, which does not depend on the contrast. So, as it follows from the general

equation for polydisperse formations [31] the forward scattered intensity of the clusters depends

on the contrast p— p, as

10 =(17, ) (V)4 (@277 5@ =n(p- ) B (RYs @) ()

The cluster level gives much better precision (< 5%) in the determination of 1(0) as compared to

the particle level because the former is strongly affected by the scattering from the clusters, and
some effect of the residual background cannot be excluded either. The same problems concern
another Guinier parameter of the particles, R, which was found to be 3.0(5) nm for both kinds
of solutions and whose precision does not make it possible to follow reliably its change with the
contrast variation.

The concluded contrast dependence in (11) is verified in the experiment (see the insets to
Fig. 2), where a strongly linear behavior of the parameter \/@ (linear regression coefficients

are —0.992 and -0.999 for water and DMSO, respectively) depending on the content of the
deuterated component in both solvents is observed. It gives the match points (and, as a

consequence, p -values) in the intersection of the fitting line with the abscissa axis (denoted by



the arrows in the insets to Fig. 2 for the two solutions). The mean SLD values found in this way
(experimental match points) p =10.5(5)x10"cm™ (for water) and p =10.2(4)x10"cm™ (for
DMSO) agree well with the value p =10.4(3)x10"cm™ estimated from (9) by using the known
SLD of diamond, p, = p,..,» and experimentally found g. Thus, one has very good consistency

of the continuous profile (8) reflecting the diffusive character of the particle surface with the
mean particle SLD, which is not properly achieved, if one uses the ‘core-shell” approximation.
A simplified profile (8) makes it possible to estimate easily the rate of the particle

polydispersity. For the particle level it gives:

IND(O)anBZ¥<R6>a (12a)
Riw ~ = <R > , (12b)

M (B+A(B+5) (R°)
B~8z’ng; <R** >T?*(f+1). (12¢)

In (12c), as compared to (6), the B-coefficient is given for p, =0, and the explicit relation

between S and R for the spherical particles is also taken into account. So, the experimentally
found values of the scattering invariants (12) in the case of the 10% and 0% content of the
deuterated water and D-DMSO in the solvent, respectively, can be used to calculate various
moments of the R-distribution function. Then, assuming the log-normal type of the latter, one

finds its parameters, which are the most probable radius, R,, and the mean squared deviation of
the logarithm of the radius, o, which finally are R;= 1.36(5) nm, o = 0.40(1) for water and

R, = 1.40(3) nm, o =0.39(1) for DMSO.

4. Conclusions

To summarize, the SANS contrast variation on the associates of the nanodiamond
particles evidences a continuous transition from diamond inner states to graphitic surface states
over the whole crystallite volume of DND. It can be parameterized in terms of the power-law
type (8). This is consistent to some extent with the data of ab initio computer simulations [32,33]

for diamond nanocrystals (size up to 3.3 nm) which show that the most stable structures require
the existence of transitional sp®* bonds over the crystalline volume. They are concentrated

preferably at the edges of the crystal with its growth matching different orientational

configurations of the polyhedron facets of nanocrystallites. The spherical ‘core-shell’



representation of the DND particle can be considered as an approximation to the continuous
density profile, which gives a reasonable thickness of the non-diamond shell of about 0.4 nm. It
reflects the natural fact that significant deviations from the purely diamond structure are mostly
concentrated close to the DND surface. This feature makes the revealed density profile
consistent with the XRD data. The diamond lattice distortions in the central part of the
crystallites are small to cause observable deviations in the corresponding positions of
comparatively wide (because of the small particle size) XRD peaks. At the same time, the
principally broader transition from diamond to graphite than in the case of the ‘core-shell’
structure explains well why XRD gives effectively smaller diamond crystallite size as compared
to the SANS data [21].
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size > 120 nm size =7 nm

Fig. 1. Schematic view of a developed DND cluster (as concluded in [21]) in liquid
dispersions with the representation of its basic structural unit — DND particle composed
of a crystalline diamond ‘core’ and a graphene-like ‘shell’ (from the data of the SANS
contrast variation treated with the ‘core-shell’ approximation). Both levels are shown as
‘seen’ by SANS illustrating the main averaged features revealed by the method.
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Fig. 2. Experimental SANS curves for 5% DND dispersions in water (a) and DMSO (b) at different
contents of the deuterated components in the solvents. For a convenient view each curve in both graphs
(starting from 10% of the deuterated component in the solvent) is divided by 10 as compared to the
previous one. The fitting solid lines correspond to the unified exponential/power-law approximation [24].
The power-law scattering types for the cluster level (small g-values) and particle level (large g-values) are
distinguished. As an example, the exponential/power-law approximation to the particle scattering level is

shown (dashed line) for the lowest curves. The insets show the dependences of the (1(0))*?

parameter
(found from the fits to the scattering curves) on the volume fraction of the deuterated component in the

solvent, #; solid lines are linear fits, which intercept the #-axis in the match points denoted by arrows.
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Fig. 3. Conventional representation of two kinds of particles with diffusive surface.

o \—“"-——--_.____‘; ------

---- Porod interface
% core-shell approximation
diffusive interfaces
(general case)
—— continious profile :
1-d/R
0 r/R 1

Fig. 4. Considered SLD profiles in spherical-like DND particles. For diffusive interfaces including

continuous profile g = 0.07 << 1. Two diffusive interfaces for the general case (black lines), Eq.7,

with different d are shown to demonstrate that the larger is d the closer is the profile to the continuous
one (green line), Eq. 6. oy corresponds to the SLD of diamond. The SLD of the shell in the ‘core-shell’

approximation corresponds to the SLD of graphite.
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