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Colloidal properties and behaviors of 3 nm
primary particles of detonation nanodiamonds in
aqueous mediaf

N. O. Mchedlov-Petrossyan,*® N. N. Kamneva, A. |. Marynin,® A. P. Kryshtal® and
E. Osawa“

This study was aimed to reveal the principal colloidal properties of the aqueous dispersion of extremely
small primary single-crystalline diamond particles in water. Together with the non-diamond layer, the
size of the colloidal species is 2.8 £ 0.6 nm as found via DLS of the initial 5.00 wt/vol% hydrosol.
Anionic dyes are readily adsorbed on the colloidal species. This is in line with the positive zeta-potential.
The critical coagulation concentrations of the 0.19 wt/vol% nanodiamond hydrosol were determined
with a set of inorganic electrolytes and anionic surfactants. The data are in line with the Schulze—Hardy
rule for “positive” sols. The fulfillment of the lyotropic (Hofmeister) series was also observed for single-
charged anions. The abnormal influence of alkali gives evidence of the acidic nature of the positive
charge of the nanodiamond species. Application of acid—base indicators allows estimating the value of
the interfacial electrical potential of the nanodiamond particles. Upon dilution from 5.00% to 0.01%, the
colloidal system under study exhibits unusual changes. The average size increases ca. ten-fold as
determined by DLS. The TEM images support this observation. At the same time, the viscosity drops.
This phenomenon was explained in terms of the so-called periodic colloidal structures (colloidal
crystals) in concentrated solutions.

1. Introduction

In this paper, we report the colloid properties and behaviors of
aqueous dispersion of 3 nm-sized detonation diamond species
recently produced in the NanoCarbon Research Institute, Japan.

As the interest in nanodiamonds (NDs) increases rapidly
from a variety of different fields of science and technology'® it
became desirable to discuss the state of dispersity in their
particles. Especially tricky is the so-called detonation nano-
diamonds, which are the smallest diamond particles available,
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and generally offered by many vendors as the source of primary
particles 4-10 nm in diameter. People often use the commercial
powder as received in the ill-belief that the visible aggregation
can be easily destroyed by stirring in water or applying super-
sonic waves.” Neither of these techniques work.

In contrast to the optimistic view, the primary particles of
detonation nanodiamonds have very strong tendency to aggregate
by interfacial Coulombic interactions into hard agglomerates.
Recently, the following concept of the interactions of ND primary
species has been developed.® In the beginning of aggregation,
interfacial interactions may not necessarily be optimal to give
Incoherent Interfacial Coulombic Interactions (IICIs), but, given
enough time and high temperature, the interfacial configurations
in the agglomerates could rearrange into more tight ones due to
Coherent Interfacial Coulombic Interactions (CICIs), which is
comparable in bonding energies to covalent C-C bonds.® Detona-
tion nanodiamonds as produced are supposed to consist mainly
of CICI agglomerates. Attrition milling of aqueous suspension of
crude detonation nanodiamonds provides, when performed
under optimum conditions, a black colloidal solution of per-
fectly disintegrated primary particles;’ some alternative methods
for producing de-agglomerated nanodiamonds have also been
described in detail."* This aqueous solution of colloidal nanocrystals
is kinetically stable, but dilution often leads to its aggregation.
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It shows quite unusual properties and behaviors compared to
molecular colloids, whose dispersed phase consists of small
molecules or molecular complexes. This paper describes the
initial results of our study on the first single-nanodiamond
particles mono-dispersed in water.

2. The colloid chemistry of
nanodiamonds: state of the art

The colloid chemistry of the carbon nanomaterials and, in
particular, of dispersed diamonds has a long history. The
present study was undertaken to better understand the proper-
ties of the aqueous dispersion of 3 nm-sized positively charged
nanodiamond species. First of all, the interaction with various
ions and stability towards the coagulation were to be examined
and discussed.

Similar systems with somewhat larger particles'™'* have
been described, whereas Raman spectra of the hydrosol under
study were reported recently.'® Using Raman photon confinement,
the core diamond size was estimated to be 2 nm."*

Both positively and negatively charged ND species have been
comparatively studied in water>>'>'® and dimethyl sulfoxide."”'®
The expressed dependence of the electrokinetic potential (zeta
potential, {) on pH"'>'®'*3 and on the addition of inorganic
electrolytes®®>° has been reported as well as the size dependence
on pH.">'*?° These observations have been discussed in terms of
ion adsorption, interfacial acid-base reactions, and screening of
interfacial electrical charges. Besides, the adsorption of a cationic
fluorescent dye propidium iodide both on positively and negatively
charged NDs has been studied in detail.>**

Normally, the colloidal stability of entire, ie., stabilizer-free
hydrosol is caused by the interfacial charges causing the for-
mation of a protective double electrical layer. In the case of ND
samples, however, the biographies of the surfaces are sometimes
a matter of commercial secrecy. But even if the procedures of hard
oxidation pre-treatment and the so-called de-agglutination proce-
dure are transparent, and the properties are reproducible well
enough, the completeness of the interface chemistries still allows
considering the ND hydrosols as an (to some degree) ill-defined
colloid system.

Theoretical consideration of the surface properties of ‘“bare”
ND primary particles®®>° revealed the existence of [100] facets
with positive electrical potential, whereas the graphitic [111]
surfaces possess the negative potential. This finding ration-
alized the mechanism of spontaneous aggregation of the species
into secondary ones.*®?° It should be mentioned, however, that the
ND colloids as a rule exhibit substantial values of zeta-potential.
The latter cannot be caused by charge distribution within neutral
species only.

The origin of the interfacial charge should be ascribed to
the surface functional groups, which inevitably appear in
processing the detonation soot to the final highly dispersed
system. Such a “forced modification” generates a wide variety
of ethers, lactones, pyrones, acid anhydrides, carboxylic and
amino groups, amides, etc. Hence, it is important to identify
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these interfacial groups for any ND sample, taking into account
that different procedures for processing the detonation soot are
used nowadays.

Vibrational spectroscopy is the most often used tool to
characterize the surface functional groups. A detailed consid-
eration of the IR spectra of detonation ND has been proposed
by Jiang and Xu.*"*> From these and previous publications it
may be concluded that most typical are the bands with wave
numbers >3400 cm™* (vou bonded, vy of water and ternary
alcohol, vy bonded), 2961-2887 cm ™' (vcy), 1783-1755 cm ™
(vc—o of ketones, lactams, esters and carboxyl groups), 1698-
1587 cm ™" (Son of water, vc—o of amides), 1480 (5¢cy), 1395-
1254 em™ " (dcy, Yen, Yo—o €Ster, epoxy, dcnn), 1194-959 cm ™!
(Scces dom, Ococ), and x550 ecm™* (d¢ee, Snco)- The adsorption
of water on both Lewis acid and base sites was shown to take
place soon after the pellets are exposed to air.*

Mironov et al.>* examined five different ND samples and
ascribed the peaks of 3450-3430 cm ™! to Yoy, 1790-1730 cm ™!
to vc—o of carbonyl and carboxyl groups, and 2960-2880 cm ™
to C-H stretching in alkane hydrocarbon groups. The broad
ranges of absorption at 1640-1620 and 1400-1300 cm ' are
superpositions of various bands with doy of adsorbed water
in the first case and Jd¢y in the second. These authors also
revealed vibrations of O-nitroso and nitro groups.** Based on
different data, Kulakova® also revealed the v bands (1790-
1730 cm ™), and voy and doy vibrations (3400 and 1640 cm ™,
respectively), whereas absorptions within the range of 1140-
1100 cm " should be attributed to the ethers (C-O-C), NO,,
OH, COOH, and SOz;H groups. The existence of amido, amino,
and cyano groups is also probable.*® Xu et al.*® attributed the
2930 and 2850 cm ™' bands to the asymmetrical and symmetrical
stretching of C-H and 1765 cm ™' to C=0O vibrations. Whereas the
bands 3434 and 3429 cm™ " and 1629 cm ™' in the IR spectrum
have been ascribed by Xu et al. to voy and Jdogy, respectively, the
authors also suppose the stretching and deformation N-H vibra-
tions of amino groups at the corresponding wave numbers.*®
Similar conclusions for 3432 ecm ™" have been made by Shenderova
et al. for NH,, =NH, and > NH groups and 1632 cm™ ' to NH, and
>C=C< groups, along with the attribution of 3573 cm™' to
OH (free), 2960-2858 cm ' to methyl and methylene, 1799 and
1725 em™ ! to anhydride, 1120 cm ™" to C-OH, adsorbed CO, and
CO,, etc.>” Desai et al.* also attribute the band 1637 cm™* both to
O-H and N-H bend vibrations; 2970-2856 cm ™' and 1382 cm™*
have been assigned, respectively to C-H stretch and bend vibra-
tions, 3405 cm ' to O-H (stretch), and 1122 cm ' to C-O-C
vibrations.® Mochalin et al.*® attributed the band 1640 ecm™" in
the Raman spectrum of ND to the superposition of graphitic C—C
vibrations, O-H bending, and C=O0 stretch vibrations.

Generally speaking, it is not surprising that the detonation
ND always contains around 2% of nitrogen. Therefore, besides
the existence of the nitrogen defects of the diamond lattice
which manifest themselves through photoluminescence, some
authors assume the presence of nitrogen-containing groups on
the Surface‘5,16,23,31,32,34737

However, the N-H vibrations have frequencies close to the
O-H vibrations. Therefore, the bands of nitrogen-containing
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groups overlap with those of O-H groups and may be somewhat
hidden in the IR spectra. Some authors ascribe the vibration
bands without taking into consideration the amino, amido, and
nitro groups.?*°™*3 So, Kriiger et al.*® reported for different ND
samples the bands around 3430 cm ™" (broad and intense) and
1630 cm ™' as stretching and deformation vibrations of asso-
ciated OH groups, 1781-1707 ecm™ " as vc—o of ketones, 2954
2851 cm™~ ' and 1460, and 1459 cm ™" (vcy and ¢y vibrations for
carbon atoms in the sp® state), 1416-1361 cm ™' and 1128, and
1114 em™" as dgoy and ve_g of alcohols.

The FTIR data reported in some recent papers may
be summarized as follows. The region 3600-3200 cm " corre-
sponds to voy of alcohols, carboxylic groups, and adsorbed water
(with the maximum at 3420 cm™'); the weak band at 3690 cm™*
corresponds to the un-associated OH groups. The bands within
the range of 2970-2856 cm™ ' belong to the stretching of C-H
groups, whereas the bands 2370 and 2086 cm ' have been
attributed to the CO, molecules adsorbed on the pellets and
to ketenes, respectively. Stretching vibrations observed from
1865 to 1700 cm™ ' give evidence for the presence of lactones,
COOH groups, esters, and ketones. The absorptions at 1620-
1630 cm ' and some neighboring ones have been ascribed to

4,16,20,41-44

ooy of water and in some cases also to the C—C and C—0
groups, and the bands at 1384 and 1394 cm ™' to Joy of the
carboxyl group and d¢yy, respectively. The band at 1456 cm ™" was
attributed to the C—=C vibrations,** whereas earlier it has been
ascribed to dcy.*® Absorption at 1370-1100 cm ™' corresponds to
ethers, lactones, acid anhydrides, and epoxy groups. Also, the
bending vibrations of the carboxylate groups C-O™ at 1370-1320
are reported.*?

Finally, a broad absorption band peaks at around 1130 cm™
caused by N defects in nitrogen-rich diamonds.*

Note that the above results refer as a rule to ND samples from

1

different sources. The origin of the ND samples and subsequent
procedures such as heating and hydrogen treatment influence
the FTIR spectrum which reflects the alterations of the surface
groups, e.g., the mechanochemical treatment decreases the com-
parative intensity of carboxyl against amino groups.*® The bands
of oxygen-containing groups decrease and those of CH, groups
(2920-2875 cm™") increase in the hydrogen-treated sample as
compared with the untreated one."® Similar results of hydrogena-
tion, as well as results on treatment in ammonia and chlorine,
were reported earlier.*® Similar changes have been observed as a
result of heating at 700 °C in a vacuum,"® and in both cases the
negative zeta-potential of NDs in water turned to a positive sign.
Recently Petit et al. demonstrated that heating at 750 °C leads to
the loss of the COOH groups.” Oxidation with nitric + sulfuric
acid under ultrasound®® resulted in the appearance of a signifi-
cant shoulder at 1728 ecm ™', in accordance with the carboxylation
concept.”® The colloidal behavior in water, however, was practi-
cally unaffected by such a procedure.”® After modification of
ND by amines, the N-H vibrations have been found at 1650 to
1450 cm ™ .*” Another kind of aminated ND was studied in detail
by Mochalin et al.*® An intense band at 1665 cm™ " was ascribed
to the vibrations of the secondary amide. The latter appears as a
result of modifying the COOH-bearing ND by ethylenediamine;
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the strong peak of C=O0 stretch (1762 cm™") observed both for
modified and non-modified ND should be attributed to the
residual non-amide carbonyl groups.*®

Evidently, the composition and hence the charge of the
interfacial regions of ND primary particles govern the for-
mation of the secondary colloidal species. As many properties
are shown to be critically dependent on the ND size, centrifuga-
tion including ultracentrifugation®>***® was used in order to
fractionate the polydispersed colloidal system. As a result, even
3 nm-sized particles have been resolved from the starting
sample.*”> On the other hand, the larger aggregates of primary
4-5 nm ND particles are found to be porous by using the BET
adsorption and other methods;***° some indications of the
fractal structure have also been reported.'®** The viscosity of
the ND hydrosols decreases along with dilution,*® whereas the
concentrated 10-12 wt/vol% system is actually a hydrogel. The
addition of electrolytes finally results in coagulation,*® whereas
association of the positively charged ND species with the
negative SiO, nanoparticles'® should be considered as an
example of mutual coagulation and also as adagulation, ie.,
coagulation through adherence of colloidal particles to solid
surfaces of larger size. All these phenomena are of importance
for using the ND hydrosols in various fields, especially in
biomedicine, because of the presence of electrolytes in bio-
logical fluids.

The above-mentioned properties depend on the origin of the
ND samples, but some principal features are of universal
character. The unique small size and other peculiar properties
of the ND particles chosen for the present study give the
opportunity to re-examine the previously developed concepts
and consider the systems of such a kind from a somewhat
different angle of view.

3. Experimental
3.1 Preparation of the ND hydrosol

Primary particles of dispersed detonation nanodiamonds were
provided by NanoCarbon Research Institute, where commercial
crude grey powder of detonation nanodiamonds (manufac-
tured by FMD Nano Tech Co., Guangzhou, China) was disin-
tegrated in portions in a 150 mL attrition mill (constructed by
Kotobuki Industries Co., Tokyo) using 30 pm zirconia beads in
distilled water. Milling conditions have been locally optimized
by applying Taguchi’s Method of quality engineering®® and
will be disclosed shortly elsewhere. The product of bead
milling is a black but translucent and smooth colloidal
solution with 4 to 5 wt/vol% concentration of the primary
particle of detonation nanodiamond (PPDND) having a typical
average diameter of 3.0 + 0.5 nm as determined using
dynamic light scattering (DLS), from the size distribution by
the particle number. This colloidal solution was used in this
work virtually as is except for centrifugal separation at 5000 rpm
for one hour. As an inevitable consequence of attrition milling,
the product is contaminated with 0.4 wt% of zirconia, which has
been so far difficult to remove.>*
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3.2 Materials

Sodium chloride, perchlorate, and sulfate, barium and calcium
chlorides, potassium iodide, ferri- and ferrocyanides, silver nitrate,
ferrous sulfate, and hydrochloric acid were of reagent grade,
sulfuric and nitric acids were of analytical grade, the aqueous
solution of sodium hydroxide was prepared from saturated stock
alkali solution using CO,-free water and kept protected from the
atmosphere. Cetyltrimethylammonium bromide (99%), cetyl-
dimethylammonium propanesulfonate (>99%), and sodium
n-dodecylsulfate (99%) were purchased from Sigma, sodium
n-tetradecyl- and n-hexadecylsulfates were kindly donated by
Professor Sergey N. Shtykov (Saratov State University, Russia),
and high purity sodium n-octylsulfonate was put to our disposal
by Dr Artem Yu. Kulikov from Analytical Chemistry Department
(Kharkov V. N. Karazin National University). The dyes bromo-
phenol blue, bromocresol green, bromocresol purple, methyl
orange, fluorescein, sulfonefluorescein, and rose Bengal B were
samples from the collection of the Department of Physical
Chemistry (Kharkov V. N. Karazin National University), used
and characterized in our previous studies; 5’-aminofluorescein
was purchased from Sigma-Aldrich. Pseudoisocyanine iodide
and the standard solvatochromic betaine dye 4-(2,4,6-triphenyl-
pyridinium-1-yl)-2,6-diphenylphenolate (ca. 2H,0) were the gifts
of Dr T. Shakhverdov and Professor C. Reichardt, respectively.
Double-distilled water was used in all the procedures.

3.3 Apparatus

Electrical conductance measurements were carried out using
platinized platin electrodes in molybdenum-glass cells using a
Precision LCR Meter GW Instek LCR-817 apparatus operating at
a frequency of 1 kHz. The cells were calibrated using 12 standard
aqueous solutions of potassium chloride, within a concentration
range of 1 x 10~ to 0.01 M. All the measurements were carried
out at 25.00 £+ 0.05 °C. The pH determinations were performed
by using an R 37-01 potentiometer and a pH-121 pH-meter with
an ESL-43-07 glass electrode in a cell with the liquid junction
(4.00 M KCl). An Ag|AgCl electrode was used as a reference. The
cell with the glass electrode was calibrated with standard buffers
(pH 9.18, 6.86, 4.01 and 1.68 at 25 °C). The content of NO; ™ and
Cl™ ions was determined for the 0.999 wt/vol% ND hydrosol. The
NO;-selective electrode ELIS-121NO; (Russia) was soaked for
24 h in 0.1 M KNO; aqueous solution and kept for two weeks
in 0.001 M KNO;. For 2 h before use, the electrode was placed in
pure water. For calibration, 1.16 x 107> M, 1.16 x 10~ * M, 1.16 x
107> M, and 1.16 x 10~2 M KNO; solutions were used at 25 °C.
An Ag|AgCl electrode was used as a reference electrode. For the
liquid junction, KCI in agar-agar was used. The e.m.f. values
were measured with the uncertainty of 0.1 mV, and the slope was
46.06 mV per pNO; (R*> = 0.9986). The Cl-selective electrodes
ELIS-131Cl (Russia) and Orion Research, Model 93-17 were
soaked for 24 h in 0.5 M KCI solution and kept for a week in
0.001 M KCI. Before use, the electrode was placed in pure water.
The 1.00 x 107> M, 5.00 x 10™° M, 5.00 x 10~* M, 5.00 x 107> M,

+ Hereafter, 1 M =1 mol x L™".
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5.00 x 107> M, and 5.00 x 10~* M KCl solutions were used for
cell calibration at 25 °C. An Ag|AgCl electrode was used as a
reference electrode, with KNO; in the agar-agar liquid junction.
The calibration slopes for the electrodes were 51.95 mV per pCl
(R*=0.9995) and 46.00 mV per pCl (R* = 0.9939), respectively. For
the viscosity measurements, the apparatus VPZh-2 (Russia) with a
capillary diameter of 0.56 mm was used at 25.0 £ 0.2 °C. The
uncertainty of time measurements was 0.1 s. The particle size
distribution and zeta-potentials were determined via DLS using a
Zetasizer Nano ZS Malvern Instrument apparatus at 25 °C, at a
scattering angle of 173° in the National University of Food
Technologies, Kiev, Ukraine. Some preliminary experiments were
made in the Laboratory of Professor Paavo Kinnunen, Depart-
ment of Biomedical Engineering and Computational Science,
Aalto University, Espoo, Finland. For quantitative measurements,
the clear disposable zeta cell was used; some prior estimates were
made utilizing a zeta dip cell. The particle size distribution was
measured by the static light scattering (SLS) method using a laser
diffraction particle size analyzer SALD-7100 Shimadzu instru-
ment. These determinations were made by E. A. Korosteleva in
the Laboratory of Pharmstandart-Biolik, Kharkov, Ukraine. For
the electron microscopy studies, a Selmi TEM-125K microscope
was used. The procedure is as follows. In a vacuum vessel VUP-
5M, a 10-20 nm carbon film was deposited from the Volta arc on
freshly cleaved KCI monocrystals at the pressure of residual gases
of around 107> Torr. After floating off in distilled water, the
carbon films were picked up on copper electron-microscopy
grids. The portions of the examined solutions were deposited
on the films and studied after drying in the bright-field and
diffraction modes of the TEM at an accelerating voltage of 100 kV.
The images were registered using the CCD camera or photo-
graphic plates. For detection of the chemical elements in the
sample by energy-dispersive X-ray spectroscopy (EDX), a droplet
of concentrated ND solution was placed on a silicon wafer and
after drying EDX analysis was performed on a SEM JSM-840 fitted
with a Selmi EDS-1 spectrometer. The spectrometer is capable
of registering elements with Z > 5. Absorption spectra were
recorded using Hitachi U-2000 and SF-46 spectrophotometers
against solvent blanks; the cuvettes with optical path length [ =
0.1, 1.0, and 5.0 cm were used. The IR spectra were recorded by
Dr D. Yu. Filatov with ALPHA’s Platinum ATR and in KBr pellets
using a FTIR spectrometer SPECTRUM ONE (PerkinElmer) in the
range of 400-4000 cm ' by Dr D. S. Sofronov, Division of
Functional Materials Chemistry, Institute for Single Crystals,
National Academy of Science of Ukraine. Fluorescence spectra
were recorded using a Hitachi 850 apparatus. The Fe content was
determined using an atomic absorption spectrophotometer,
Selmi, Ukraine.

3.4 Procedure

The coagulation of the ND hydrosols has been studied at 25 °C
using two somewhat different procedures. (i) The main values
of the critical concentrations of coagulation (or coagulation
points, or coagulation thresholds), CCC, by the electrolytes
have been determined using the procedure of spectrophoto-
metric titration, accompanied by slight stirring. In this case,
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both the (slight, not more than 1.5-fold) dilution of the initial
solution by the electrolyte and alteration of the blank
(electrolyte-free) solvent as a result of dilution with corres-
ponding amounts of pure water (including the deviations from
the Bouguer-Lambert-Beer law) were taken into account. (ii)
The absorption spectra of the sets of solutions with constant
ND content and varying electrolyte concentrations have been
recorded immediately and within a period of time. In both
cases, the criterion of the rapid coagulation was the distinct
increase in the absorbance (mainly at 525 nm) caused by the
turbidity of the systems under study. The solutions have been
prepared and titrated in such a manner that allowed avoiding
the high local concentration of the electrolytes. Namely, the
initial concentrations were diluted enough, taking into account
the CCC value of the given electrolyte determined in prelimin-
ary experiments.

The dye concentrations were around 1.0 x 10~> M and in
some cases even lower. All the spectra are presented after
subtracting the adsorption of the ND solution; otherwise, the
measurements have been made against the solvent blank.
During the determination of the apparent ionization constants
of the indicator dyes, the spectral measurements were made in
diluted (1.0 x 10~* to 0.001 M) HCI solutions.

4. Results and discussion
4.1 Characterization of the samples

In this study, two initial solutions with almost identical proper-
ties have been used. The principal numerical parameters of
these aqueous hydrosols are compiled in Table 1. Hereafter, all
the ND concentrations will be expressed in wt/vol%.

The origin of the positive charge of colloidal species will be
discussed in the following sections of this paper. The size
distribution of the dispersed system appeared to be strongly
concentration-dependent, as exemplified in Fig. 1. Such a
phenomenon should be evidently attributed to the formation
of secondary aggregates along with dilution (see below).

The electron diffraction patterns reveal a diamond lattice of
the sample. The lattice parameter was measured to be 0.375 £
0.002 nm, and it coincides with the tabulated values for diamond
within the error. The size of the coherence area, estimated in
accordance with the Selyakov-Scherrer equation [eqn (1)],°*%? is
~3-4 nm.

5

A
1= feosd @

Here f3 stands for the intrinsic line broadening, 6 is the scatter-
ing angle, and 4 is the wavelength. Specimen tilt does not change
the relative intensity of the diffraction lines which, in conjunc-
tion with the small size of the coherence area reveals a nano-size
structure in the sample. Together with the non-diamond surface
structures, the size of the colloidal species is 2.8 £ 0.6 nm
as found via DLS, while the diamond core size is 2 nm, as
mentioned above. The above-mentioned non-diamond portions
may be probably of graphitic character,">***° or even a kind of
graphene patch. Because the disaggregation of the agglutinates
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Table 1 Characterization of the initial concentrated ND hydrosols

Parameter Sample 1° Sample 2”

Concentration/(wt/vol%) 3.81 5.0
Particle size/nm 3.0+ 057 2.8+ 067
Numerical concentration, L ™" 8.5 x 10*° 11 x 10*°

pH, 25 °C 4.75 5.00

{/mV for 1.0 wt/vol% +58.1° +56.7°
Viscosity/mPa s, 25 °C 2.45 2.23
Specific conductance/S em ™" for 1.0 wt/vol% n.m. 7.18 x 107°
cl'/M n.m. 2.75 x 1073
NO; /M n.m. 2.5 x 10°°
N content in the solid/wt% 2.0 2.0

ZrO, content in the solid/wt% 0.4 0.4

Fe/ppm n.m. 24

% Sample 1 was studied from August 9, 2013 to December 12, 2013.
b The sample was studied from December 13, 2013. ¢ The mean size
(diameter) of the smaller-size fraction. ¢ The size was determined at
NanoCarbon Research Institute, Japan; in National University of Food
Technologies, Ukraine, the particle size for the 5% hydrosol was found
to be 2.71 £ 0.35 nm (an average of 20 measurements). ° In National
University of Food Technologies, Ukraine, the { = +50.1 & 2.7 mV value
(an average of 9 measurements) was determined for the concentration
of 2.5 wt/vol%. / Determined by atomic absorption.

30+ w = 5.0 wt./vol.%
[ ]

= 254 \ w = 0.3 wt./vol.%
3 A
(O]
o 204 \
(0]
RS>
5 15 | \
o)
E  10- \ \
> *
Z L ]

54 \\ \\

! 10 100

d/ nm

Fig. 1 Size distribution of the stock colloidal ND solution, 5.0% and
diluted 0.3% ND solution.

has been made without any chemicals, the interfacial concen-
tration of the functional groups may be relatively low. The
numerical concentration of the initial sol was calculated expect-
ing a doubly truncated octahedron shape for the primary
particles as the most probable®® and using the density value
of 3.17 g cm ™3,

The IR spectra of the solid samples (Fig. 2) have been
obtained after drying either the 0.603% hydrosol or the system
coagulated by sodium hydroxide and then centrifugated.

The main bands resemble those reported by Korobov et al.
for the NanoAmando sample.*> Along with the stretching
vibrations of the bound OH and maybe NH groups (3428-
3421 cm ™), some small sign of free voy may be observed at
3747-3687 cm ™. The C-H stretching modes at 2923-2853 cm ™ *
are also present in the spectra, whereas the band with the
maximum at 1623 cm ™ * should be attributed to doy vibrations;
the oy, C—C (graphitic), and vc—o (amides) vibrations also
cannot be excluded in the same region. The C=O stretching
of lactones and COOH groups (1715 cm ') is less expressed.
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Fig. 2 The IR spectra of KBr pellets of solid ND obtained from the 0.603%
hydrosol: the sample was obtained by drying the colloidal system (1) and
by drying the deposit after coagulating by 6.7 x 10~* M NaOH using further
centrifugation (2).

The band at 1457 cm ™" may belong to ¢y (for the carbon atom
in the sp® state) and vibrations of amides and C—=C bonds. The
absorption within 1385 and 1060 cm ' can be ascribed to
C-0O-C ethers and other oxygen-containing groups, as well as
to dcu, Och,y Ocnm, and ey and to nitrogen defects in the crystal
structure (see the Introduction section). The IR spectra of the
sample on the diamond plate are given in the ESIL{

In the solid phase, the EDX spectra revealed, besides carbon,
0.28 Cl and 0.28 Zr (wt%, +0.14 wt%); no sulfur was observed
above 0.02 wt%. The analysis of the liquid phase was also
necessary in order to have a complete picture of the system,
first all of the anions present in water, which compensate the
positive charge of the colloidal species.

The qualitative analysis of the liquid phase was made after
coagulation of the colloidal system by diluted NaOH (for details
see below), separation of the deposit, and neutralization of the
liquid with either H,SO, (for the determination of nitrates) or
HNO; (for the determination of other anions). The reaction
with FeSO, and conc. H,SO, revealed the presence of nitrates: a
brown ring indicates the formation of the FeNO>" ion.>* On the
other hand, the reaction with AgNO; showed the presence of
chlorides, whereas that with BaCl, gave no evidence for sul-
fates. The quantitative determination of the chloride and
nitrate concentrations was made directly in the sol using the
corresponding ion-selective electrodes. In 1.00% ND hydrosol,
the CI~ content was (5.5 + 1.3) x 10~ * M. This chlorine content
is in line with the rough estimate by EDX (see above). The
nitrate content appeared to be small; e.g., in 1.00% ND
solution, the conc. NO; ™~ content of (5 & 1) x 10~ ° M was found.

4.2 Optical properties of the ND hydrosol

The light absorption increases gradually in the range of wave-
lengths from 700 to 350 nm, and the solutions do not strictly
obey the Bouguer-Lambert-Beer law (Fig. 3). The absorption
coefficient, ¢’ = A/wl, increases along with the dilution. It should
be noted that, regardless of the contribution of light scattering
and the balance between consumptive and conservative light
absorption, we used the absorbance measurements just as
a tool for monitoring the changes in the state of solutions.
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Fig. 3 Absorption spectrum of the 0.19% ND hydrosol. Inset: the verifica-
tion of the Bouguer—Lambert—Beer law, ¢'/emay’ is the normalized absorp-
tivity; ¢’ = A/wl; wavelengths per nm: 400 (1), 525 (2), 600 (3), and 650 (4).
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Fig. 4 The fluorescence excitation and emission spectra of the 0.19% ND
hydrosol.

We believe that the absorbance refers first of all to the turbidity
increase caused by the coagulation.

The fluorescence maximum is at 625 nm (Fig. 4), while the
emission excitation maximum is at 491 nm, just near the line
of the argon-ion laser (488 nm). The probable origins of the
emission are the crystal lattice defects of N-V type. After
coagulation by NaCl and six-fold dilution, the same bands are
registered. These findings may be of interest for the utilization
of ND in biomedical research.

4.3 Surface charge of the colloidal species

The zeta-potential of the species is substantially positive
(Table 1) and varies along with dilution and changes more or
less upon adding electrolytes or aging. The specific conductance
of diluted ND solutions at 25 °C was determined (the data are
presented in the ESIt). The value for the 1.00% ND solution is
close to 5.49 x 10°* M KCl: 6.87 x 10 > and 7.80 x 107> Sem™*,
respectively. Hence, judging by this criterion the initial 5.00%
hydrosol corresponds to 2.4 x 10~* M KCl. This approximately
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agrees with the above-estimated concentration of C1™ ions in the
same ND solution.

Anionic dyes are readily adsorbed on the colloidal particles, thus
confirming the positive charge of the ND/water interface (Fig. 5). In
these experiments, the ND concentration was as a rule 0.048%. The
observed 6 to 23 nm bathochromic shifts of the bands of the
double charged anions of bromophenol blue, bromocresol green,
bromocresol purple, fluorescein, sulfonefluorescein, aminofluores-
cein, and rose Bengal B (see ESIT) may be taken as a strong support
for the positive interfacial charge of the colloidal species, because
the same shifts are typical for these dyes in the presence of cationic
surfactant micelles and aggregates of cationic dendrimers and
calixarenes.>>®

By contrast, the absorption band of the cationic dye pseudo-
isocyanine displays no shift in the presence of the ND particles;
only small alteration of intensity is registered. These results
support the significant role of the ND charge for adsorption of
organic species such as fluorescent ions>"?” and daunorubicin.*
It should be noted that, after coagulation of the ND hydrosol by
NaCl, the position of the absorption bands of bromophenol blue
and pseudoisocyanine is the same as in the sol without addition
of the salt.

4.4 Colloidal stability and coagulation by inorganic
electrolytes

The main working ND concentration in our studies with different
electrolytes was 0.19%. In some experiments, the solutions of
either higher or lower concentrations were used. The first results
have been obtained using sample 1 (Table 1), the volume of which
was limited. Therefore, the titration procedure has been used. The
UV-visible absorption was used to monitor the coagulation process.
The turbidity-caused increase in the absorption by 15% was chosen
as a criterion of the rapid coagulation. The titration procedure is
typified in Fig. 6. The titration curves were corrected both for the
electrolyte concentration and the ND absorption by taking into
account the dilution during the titration procedure.

As the concept of the threshold of rapid coagulation, or
coagulation points, or critical coagulation concentration, CCC,
is somewhat conditional and sometimes even subjective, we
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tried to standardize the procedure with much larger amounts of
sample 2. In Fig. 7 and 8, the dependencies of the absorbance
vs. time are exemplified. Both procedures carried out with NaCl
for 0.19% hydrosols obtained by the dilution of sample 1 and
sample 2 resulted in coinciding CCC values. The comparison of
the two procedures was carried out also for NaOH and some
other electrolytes.

The coincidence of the two methods of CCC determination
is additionally proved using the DLS measurements. In Fig. 9,
the distinct increase in the size of aggregates occurs on going
from 2.0 to 3.0 mM NaCl, whereas the slight shift of curve (2)
against curve (1) is probably caused by the 1.5-fold dilution of
the initial ND sol. These results are in accord with the SLS
measurements (see ESIT).

The DLS data for 0.13% and 0.024% ND with 1.1 mM NaOH,
i.e., well above the CCC, indicate particles of over 2 pm. The
expressed increase of the size was reported for different ND
samples at low and high pH values, i.e., during coagulation via
acid and alkali, respectively, by other authors.'*>® Mochalin
et al.*® observed such an effect for colloidal particles of ND
modified by amino groups on going from pH 2 to 6, whereas
for COOH-bearing ND species, the effect was reverse and the
decrease in the size of colloidal particles was observed, prob-
ably owing to the ionization of the functional groups, thus
preventing coagulation.

The repeatability of the CCC values shown in Table 2 is
satisfactory. These data are in line with the positive charge of
the colloidal species. Indeed, the Schulze-Hardy rule predicts
the sharp increase in the coagulation power of multi-charged
well-hydrated inorganic anions in the case of “positive” sols. In
fulfillment of this rule, the ratio of the reciprocal CCC values for
the anions Cl~, SO4>~, Fe(CN)s®>~, and Fe(CN)s"~ is as follows:
1:16:200:583.

It is well known that for small colloidal particles, the
coagulation threshold is often fuzzy.”” However, for NaCl the
rapid coagulation takes place certainly between 2.5 and 3.0 mM
(Fig. 7 and 8).

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory in
its classical version for highly charged surfaces of colloid
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Fig. 5 Bromophenol blue (a) and rose Bengal B (b) in water (1) and in ND 0.048% solution (2).
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Fig. 6 Examples of CCC determination of the 0.19% ND hydrosol via titration with solutions of different electrolytes; the measurements have been made

at 4 = 525 nm.

species predicts the following dependence of CCC vs. counter-
ion charge, z:

CCC = const x z7 ", (2)

where n equals 6.°57°1 Lower n values, such as 2, 2.5, 3.5, or 4,

also have been registered.**®! They should be explained either
in terms of coagulation in the “distant minimum?”, i.e., through
the water layers, or by adsorption of counter ions and low
surface charges, and also by taking into account the retardation
of the molecular forces.”®>® In our case, the average n value is
in-between 4.0 and 4.8.

The Schulze-Hardy rule seems to be of universal character.
For instance, it holds for a wide variety of organic and inorganic
“negative” colloids®” including different nano-carbons discovered
during recent decades. So, for Na*, Ca®>*, and La’" the ratio of the
reciprocal CCC values equals 1:185:740 and 1:21:1518 in the
case of SWCN suspension® and Cg, hydrosol,** respectively. Very
recently, the last data were confirmed by the ratio of 1:27:1291
for fullerene suspensions.®®

For the positively charged large-sized ND aggregates, Desai
et al.>* reported the CCC values of 8 to 10 mM for NaCl and 7 to
8 mM for MgCl,. This also demonstrates the secondary role of
the simili ion as compared to that of the counter ion.

Also, the single-charged anions are arranged with respect to
their coagulation strength in tentative accordance with the
lyotropic (Hofmeister) series, though with the inversion of iodide
and perchlorate: CI” < Br~ < ClO,~ < I'. For perchlorate and

Phys. Chem. Chem. Phys.

iodide, the specific adsorption mechanism is probable, in addi-
tion to the screening of the interfacial charge of the ND
aggregates. The surfactant cetyltrimethylammonium bromide
acts just as a salt with the Br~ anion. The concentration of the
latter ion under such experimental conditions is around the
critical micelle concentration, ie., about 1 mM. The CCC =
1.6 mM value is even higher, probably owing to the adsorption
of the cation on the ND species, thus increasing the colloid
stability.

Note that both cationic C;¢H33N(CH;); 'Br™ and zwitter-ionic
C16H33N(CH;), ~(CH,);80;~ amphiphiles display no special
influence on the ND sol stability, whereas the n-dodecylsulfate
ion, C;,H,50S0; 7, as well as other anionic surfactants exhibits
strong coagulating influence. The latter is evidently caused by
the electrostatic neutralization of the positive surface of the
nanoparticles by the readily adsorbed amphiphilic anions;
the hydrocarbon tails became (probably) directed towards the
aqueous phase, thus increasing the hydrophobicity of the
colloidal species.®®®” Interestingly, as opposed to the cases of
negatively charged Cq, nanoparticle + cationic surfactant®* and
positively charged ND species + sodium oleate,*® here the
excess of the surfactant does not stabilize the ND colloid by
the formation of “tail-to-tail” bilayers.

The titration curves in the case of surfactants and highly
charged Fe(CN)s*~ and Fe(CN)s'~ ions are less distinct as
compared with other data (see Fig. 6 and ESIf). This should
be attributed to the prevailing adsorption mechanism.
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Fig. 7 The time dependencies of the absorption at NaCl concentrations of 2.0 mM (a), 2.5 mM (b), and 3.2 mM (c); the ND concentrations, %: 0.024 (1),
0.13 (2), and 0.67 (3). The conventional A’ values were obtained by displacement of the starting point to that for 0.13%.
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Fig. 8 The time dependence of the absorbance of 0.13% ND hydrosol
at NaCl concentrations of 1.0 mM (1), 2.0 (2), 2.5 (3), 3.0 (4), 3.2 (5), and
3.5 mM (6).

Indeed, despite the high negative charge of the above
inorganic anions the corresponding CCCs may be too low to
critically condense the diffuse part of the double electrical
layer. Therefore the adsorption and thus neutralization of the
positive interfacial charges probably play a significant role. On
the other hand, the number of Fe(CN)s*>~ and Fe(CN)" ™~ anions
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Fig. 9 The spectrophotometric titration curve of the ND hydrosol at the
initial concentration of w = 0.19% by NaCl: absorbance at a wavelength of
525 nm vs. the NaCl concentration in the optical cell. The inset shows the
DLS size distribution of the initial 0.19% ND solution (1) and 0.13% solutions
with 2.0 mM (2) and 3.0 mM (3) NaCl.

within the coagulation region is 3 to 9 times lower than that of
primary 2.8 nm-sized ND species. Probably, the ‘“neutraliza-
tion” mechanism, i.e., the adsorption of the anions and thus
the decrease in the interfacial electrical potential cause the
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Table 2 The coagulation points, CCC/mM, of the 0.19% ND hydrosol

Electrolyte CCC z of the anion CCCnacr:CCC
NacCl 2.8 -1 1.00
HCI 5.7 -1 0.49
1/2CacCl, 2.4 -1 1.2
NaBr 2.5 -1 1.1
C16H33N(CH3);Br 1.6 -1 1.75
NaClo, 1.8 -1 1.6
KI 0.76 -1 3.7
NaOH 0.27 —1 10
CgH,,SO3;Na 0.15 -1 19
C;,H,5080;Na 0.039 -1 72
C14H,00S0;Na 0.031 -1 90
C,6H330S0;Na 0.041 -1 68
Na,SO, 0.17 —2 16
K;Fe(CN), 0.014 -3 200
K,Fe(CN), 0.0048 —4 583

coagulation in concert with the “concentration” mechanism, or
condensing of the diffuse layer. Indeed, the significance of
properly accounting specific adsorption for understanding the
Schulze-Hardy rule has been again underlined recently by
Lyklema.®®°

Another anion which acts specifically is the hydroxide. This
most hydrophilic ion displays the most expressed coagulation
influence among the single-charged inorganic anions.

4.5 The acidic nature of the surface charge

Such a behavior of the OH™ ion provides evidence for the acidic
origin of the positive charge of ND species. In contrast to the
abnormal effect of NaOH, the CCC value for HCI is somewhat
elevated as compared with that of NaCl. The reason may be the
additional protonation of some residual basic interfacial
groups, thus increasing the surface charge, electrical potential,
and thus the colloidal stability. In some experiments, we
managed to confirm it by registering a small (about several
mvV) increase of { value. Interestingly, small HCI concentrations
increase the size of the aggregates to a certain extent. Probably,
the protonation of the residual basic groups favors the
repulsion of the primary species in the secondary aggregates,
without breaking them apart, resulting in “swelling” of the
aggregates.

The observations were antipodal in the case of NaOH. For
instance, for the 0.19% ND hydrosol, { = +43.3 + 1.7 mV. After
adding to 2 mL of the sol 1 mL of 0.009 M Nacl, the { value of
+41.3 £ 1.5 mV was registered, while the same experiment with
0.003 M NaOH resulted in a { drop of up to +15.0 £+ 0.6 mV. The
procedure was repeated with 0.036% ND, and the values for the
neat sol and those diluted with NaCl and NaOH were as follows:
{=+62.2 + 0.8, +33.2 £+ 1.8, and +12.4 + 0.3 mV, respectively.
Hence, the effect of the alkali is caused first of all not by the
screening of the surface charge, but by the acid-base reaction.
(Interestingly, even at CgH;,SO;  concentration two times
lower than CCC the { potential of the ND hydrosol remains
practically unaffected.)

Fig. 10 demonstrates the irreversibility of the coagulation
of the sol by the alkali. Indeed, after coagulation by NaCl

Phys. Chem. Chem. Phys.

View Article Online

PCCP

1 2 3

Fig. 10 The results of the peptization procedure: the 0.19% ND hydro-
sol, coagulated by NaCl (3.5 x 10~° M) and then diluted by water (1); the
initial hydrosol of the 0.19% ND (2); the same sol coagulated by NaOH
(4.0 x 107* M) and diluted by an even larger portion of water (3). The
samples (1) and (3) were shaken after dilution and left to remain 15 min
before being photographed; after several days the picture remains
unchanged.

around the CCC value, the colloidal system is easily restored
just by slight dilution. This is typical for the case of coagula-
tion caused by compression of the diffuse layer around the
colloidal species: dilution restores the pre-threshold salt
concentration. If the coagulation is accomplished by the
alkali, the addition of a large amount of water displays no
change in the deposited coagulate.

Instead of this dilution procedure, complete neutralization
of the alkali by HCI does restore the hydrosol (see ESIT). Of
course, the final electrolyte concentration, in fact NaCl,
should not reach the corresponding CCC. (It should be noted,
however, that if the ND hydrosol is stored for a day after
coagulation by NaCl, dilution could not restore the colloid
system even if the concentration of NaCl drops below 1 mM.
Probably, the expulsion of water layers from the space between
both primary and secondary ND particles takes place due to
IICI or even, less likely, CICI attractions, see the Introduction
section.)

This gives plane evidence for the occurrence of the acid-base
neutralization of the interfacial positively charged groups by
the HO™ ions, which is impossible to revert by dilution with
water. These groups may be protonated alcohols or ethers,
pyrones, ammonium groups or lyonium ions attached to some
of the negatively charged [111] facets of the diamond exposed to
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the water phase.'>'>'%?>3%7% Reagoning from the IR spectrum
of our ND sample, we cannot exclude the presence of different
functional groups, given below.

OH2+ ||-| '|\IH3+ H30+
N Ay

AN
=

In the last case, the local positive interfacial potential of the
[100] facets (not shown) may cause the positive zeta-potential of
the ND species after protonation of the negative [111] graphitized
facets (designated as d—).

However, if the protons are attached to the ND species from
water only during the disintegration procedure, then the bulk
liquid should be slightly alkalified, or, at least, possess a pH of
around 6 due to carbon dioxide from the atmosphere. But this
is not the case, and the pH value of the 5.0% hydrosol was
always about 5. Hence, the admixture of acidic matter, probably
HCI, in the initial commercial product is very probable.

Another argument represents the pH-metric titration of the
hydrosol by NaOH solution. In Fig. 11, the most obvious example
is shown; higher NaOH concentrations lead to rapid precipitation,
whereas using lower ones leads to less expressed titration curves.

The equivalence point corresponds to 1.11 + 0.27 mM
NaOH, which means 2.5 + 0.6 mM of the neutralized groups
in the initial 5.0% sol, or 0.050 moles of groups per kg of the
solid ND. (For the 3 nm ND particles, the interfacial concen-
tration is equal to 4.8 groups per 100 nm?,) Kulakova reported
the much higher values for larger ND species of another
origin.>® Note that the Cl~ concentration in the 5.0% sol equals
2.8 £ 0.6 mM. Although the confidence intervals of these two
average concentrations overlap, the second one is somewhat
higher. If the positive charge of the colloidal species equals the
total concentration of the anions in the bulk, and some amount
of other (undetected) anions besides ClI™ and the trace amounts
of NO;~ cannot be excluded, some cationic groups may be
considered as still not titrated by NaOH. Furthermore, a part of
the alkali may be spent for the reaction with the neutral
interfacial COOH groups, if they are really present. Last but
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Fig. 11 The titration curve for 2.5% ND hydrosol with 0.00899 M NaOH
solution; inset: the second derivative differential curve.
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not least: even after adding an excess of alkali, the { value drops
sharply but remains positive within +(12-15) mV. Similar
results were reported for solutions of some “positive” ND species
of different origins, in some cases even at pH 11-12,%1%1%16:36
(But for some ND samples, re-charging resulting in { < 0 was
observed.**%?*%) This gives evidence for assuming the presence
of some interfacial cationic centers of extremely low acidic
strength, e.g. some metal ions originating from the detonation
and oxidation stages. Although the solid ND contains the ZrO,
admixture, this oxide is rather inert. Also, some cations may be
hidden below the non-diamond surface structures, or even
within the thin layer of disordered diamond.

4.6 Estimation of the interfacial electrical potential of the ND
species using the acid-base indicators

In order to achieve the comprehensive characterization of the
system under study, an attempt was made to estimate the
interfacial electrical potential of the colloidal species. If an
acid-base indicator is located on the charged interface, the
indices of the so-called apparent ionization constant may be
determined by spectrophotometry:

[acidic form)]

KPP = pH +1
PR pH+log [basic form]

(3)
The pH value refers to the bulk phase and can be measured
using the glass electrode in a cell with the liquid junction, while
the concentration ratio of the equilibrated acid-base couple is
available via the absorption spectra. Thus the obtained pK3PP value
is related to the interfacial potential or Stern layer potential, ¥,

71-73

through eqn (4):

YF

KPP — pKi —
PR = PR T 5 303RT

(4)

Here F is the Faraday constant, R is the gas constant, T is the
absolute temperature, and K is the so-called intrinsic ioniza-
tion constant. Then the ¥ value at 25 °C is:

¥/mV = 59.16 (pKi — pK2PP) (5)

The pH values are normally adjusted using buffer systems.
In the case of the ND hydrosol, however, the addition of the
buffer electrolytes results in coagulation. Fortunately, the
coagulating action of diluted HCI solutions is not that strong
(see above). Therefore, a set of indicator dyes should be used
with the color transition in the pH range of 3-4. Within this
narrow limit, the pK3PP values are determinable, whereas the
buffer capacity at lower HCIl concentrations is insufficiently
small. Another requirement consists of the availability of the
spectra of the limiting acidic and basic forms under conditions
which exclude the coagulation of the sol. The dyes chosen for
this experiment were all of anionic type; their ionization occurs
according to the following scheme:

HR =2 R +H' (6)

The sulfonephthaleins bromophenol blue, bromocresol
green, and bromocresol purple display the color transition
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Fig. 12 The spectra of the indicator bromocresol purple at different

pH values in 0.024% ND: the spectrum of R*~ with small NaOH addition,
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from yellow (HR™) to blue or purple (R>7) and thus may be
considered as one-color indicators in the region of around
600 nm (Fig. 12). Similar data for bromocresol purple and
other indicator dyes in cationic surfactant micelles have been
considered in a recent paper.”* The limiting absorption of the
basic forms may be measured just in the colloid solution
without any additives: the pH value of the 0.024% hydrosol is
ca. 6.2 (see ESIt). This ND concentration was chosen for more
detailed examination. In some cases, very small amounts of
NaOH, well below the CCC value, were added to ensure the
complete transformation into R>".

The pK;PP values are shown in Table 3. The pH values of the
HCI solutions are 0.02 to 0.10 higher in the presence of the
colloidal species, especially at high ND concentrations, up to
0.67%. Hence, some amount of acid is consumed for the proto-
nation of the ND interfacial basic centers. The next difficulty for ¥
estimations was the uncertainty of the pK, values. In the case of
ionic surfactant micelles, the pK, value of a given indicator is
usually equated to its pK3PP in micelle non-ionic surfactants, where
¥ = 0; otherwise, some more complicated algorithms are used.””
In order to evaluate the polarity of the ND/water interface, we used
two solvatochromic dyes, namely methyl orange and Reichardt’s
betaine. On going from water to the cationic surfactant micelles,
these probes demonstrate expressed hypso- and bathochromic
shifts of the absorption bands, respectively. In the case of the
ND hydrosol, however, the above dyes exhibit but small band shifts
against their spectra in water (see ESIt). This observation allows
concluding that the ND surface is well-hydrated. Therefore, the pK,
value may be taken to be equal to the value in water, pK;. Thus
determined Y values are presented in Table 3. If pK3P? in non-ionic
micelles’>”* are utilized as pKj, in eqn (4), the ¥ values come out
about 50-60 mV higher.

Though the average value ¥ = +139 £+ 27 mV is only a rough
estimate, it looks out noncontradictory, because the experi-
mentally measured { values are at least twice lower within the
whole ND concentration range, e.g., { = +51.9 £ 2.8 mV and
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+62.2 + 0.8 for 2.9 and 0.036% ND solutions, respectively.
Though the acid probably protonates some interfacial basic
centers of ND species (see above), the general decrease in the
average ¥ from +176 to +111 along with the increase in HCl
concentration from 0.1 to 1.0 mM reflects the screening of the
interfacial charge.

Of course, in agreement with the theory of the double
electrical layer the ¥ values must be higher as compared with
those of {. But in our case, the differences are too large. Upon
studying the dyes bromocresol green and bromophenol blue
associated with micelles of cationic surfactants, Mukerjee and
Banerjee deduced the ¥ values much closer to {.”>

As dyes are normally situated in the Stern region of the
interfaces,”” the ¥ value should be higher as compared with
that of the electrokinetic potential.”*”” In the present study, the
¥:( ratio appeared to be 2.6 to 2.8, at equal bulk ionic strength.
This may be explained by the proximity of the ¥ value rather to
that of the inner Helmholtz plane, ¥,, than to the ¥, value of the
outer plane. Using other formulae instead of Smoluchowski’s for {
calculation does not change the situation principally. Note that
high ¥, values, close to ours ¥, have been determined under
similar conditions using an absolutely different experimental
method, for larger ND species of another origin.>

On the other hand, taking into account that the TEM images
give no evidence of tight spherical shapes of the ND secondary
aggregates, which are probably porous, the determined ¥ values
may reflect rather the local electrostatic potential in the region
where the indicator dye is situated on the non-uniform ND
interface. In turn, the local positive charges of the primary
particles, as revealed via electrophoresis measurements, counter-
act in the tight association in the secondary aggregates.

Using eqn (33) from ref. 72, one may find that the pK3PP =
2.35 for bromophenol blue (Table 3) refers to that in micelles of
cetyltrimethylammonium chloride at the bulk equilibrium
concentration of [C1I”] = 0.031 M. In turn, at [C]"] = 0.001 M
(Table 3), the pK3PP in the mentioned surfactant micelles
should be as low as 1.26.

4.7 The application of the DLVO theory

This theory allows estimating the electrostatic repulsion energy
U, and the attractive energy U,y of dispersion interaction
between two spheres with radii r.°*®' The primary 3 nm
particles are evidently too small to be described by the DLVO
theory in its classical version.”®”® Hence, only the secondary
aggregates should be considered. Also, judging the TEM images
of the dried samples, the species may be considered to be
spherical only for approximate estimates.

As the condition Y4 « 26 mV is not fulfilled for the system
under study, the more general expression for U, proposed by
Dukhin et al.®® was chosen for numerical estimates:

U=Uqg+ Unr

RT\? YF\ rexp(—xh
= 64meg (T) tgh? (ﬁ)%

ADWD* 2 2 32—4
— —+1 7
6 L2_4+S2+n 52 } )
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Table 3 The indices of the apparent ionization constants of the acid—base indicators, pK3°®, and the estimates of the interfacial electrical potential, ¥, in

0.024% ND sol

c(HCI) x 10*/M

10.00 5.01 3.16 2.00 1.00
Indicators pPKaPP“ (P/mv)
Bromophenol blue [4.20]” 2.35 (109) — — — —
Bromocresol green [4.90]” 3.38 (90) 3.37 (90) 3.34 (92) 3.27 (96) —
Bromocresol purple [6.40]” 4.13 (134) — 3.81 (153) — 3.58 (167)
Sulfonefluorescein [6.76]7 — 3.96 (166) 3.54 (190) 3.56 (189) 3.62 (186)
Average ¥/mV 111 128 145 142 176

@25 °C. ? In the brackets, the pK¥ values in water are given.

Here, ¢, = 8.854 x 10 "> F m™ ', the relative permittivity ¢, =
78.4 at T=298.15 K, « is the reciprocal Debye length, s =2 + A/r,
and % is the inter-particle distance. Eqn (7) is chosen also
because the r and & values are commensurable. The Apwp*
constant may be calculated by the well-known formula:

Apwp* = (ADDUZ - AWW1/2)2~ (8)

Here App and Awyw stand for the Hamaker constants of the
diamond and water, respectively. According to Visser,®' App =
28.4 x 1072° J and Aww = 2.5 x 102 J, therefore, Apwp* =
1.40 x 10~ " J. Israelachvili®* gave the values of App, = (28.9-29.6) x
107%° J and Aww = (3.7-5.5) x 102 J, which resulted in Apwp* =
1.1 x 10~ ], if the average values of Hamaker constants are used.
Selecting the values App = 28.9 x 102° J and Ayw = 3.7 x 10 2°],
calculated via eqn (13.16) in ref. 82, one obtains Apwp* = 1.2 X
10" J. We used this value in further calculations.

The next problem is the choice of the ¥4 value. The ¥ values
have been estimated above using the acid-base indicators, but
they may be in fact local electrostatic potentials and describe
rather the specific positions of these large organic ions in the
porous secondary aggregates. On the other hand, relatively low
{ values may be considered as ¥4 at the given « value. We used
both ¥ values determined using indicators and the experimentally
measured zeta values in order to compare thus obtained Hamaker
diagrams with the CCC data.

In the first case, using the ¥ = 111 mV value at 0.001 M HCI
(Table 3), the interfacial charge density, g5, was calculated for
r =15 nm (a typical value for diluted ND solutions, from DLS
data) and x = 0.104 nm ™' by Ohshima-Healy-White eqn (9) for
spherical particles.®?

2eeokRT . (‘PF)
——————sinh

&="F 2RT
(14 2 8In[cosh(WF/4RT)] \ '/
krcosh?(WF/4RT)  (kr)?sinh2(YF/2RT)

©)

Then the same equation was used for the calculation of ¥ at
different ionic strengths, i.e., NaCl concentrations, considering
gs as a constant parameter. The series of Uvs. & dependencies for
varying ionic strength are presented in Fig. 13a. Alternatively, in

This journal is © the Owner Societies 2015

Fig. 13b the curves calculated using the { values in eqn (7) as
measured at the corresponding NaCl concentrations are shown.
Whereas the first approach demonstrates a substantially
high potential barrier even at 10 mM NacCl, the second one is
in line with the experimentally determined CCC value of
2.8 mM NaCl, because the coagulation becomes probable if U
accounts for several kgT units. This is in line with the recom-
mendation to use the { value as ¥4 in the DLVO calculations.®®
Alternatively, it may be supposed that ¥4 substantially
exceeds {, but some additional factors, such as IICI attraction
between the facets possessing negative and positive electro-
static potential®®*® as well as hydrophobic interactions and
some others,** not included in eqn (7) are of significance here.
For hydrophobic or multi-charged anions, the additional
decrease in ¥ due to adsorption becomes very probable.

4.8 Coagulation by anionic surfactants

Though the tail length of anionic surfactants plays some role, thus
revealing the adsorption of these anions on the positive ND surface,
the effect is much weaker than expected resulting from their surface
activity. Indeed, the last-named increases, in accordance with the
Duclaux-Traube rule, (3-3.5)-fold with lengthening of the hydro-
carbon tail by one CH, group.®®*>®® Due to the same reason, the
critical micelle concentration decreases two-fold.***® The CCC
values of ionic surfactants depend on their ability to be adsorbed
on the colloidal particles in line with the above rule.®*®” In the case
of ND, however, the CCC decreases only 4 times on going from Cg to
the long-tailed surfactant anions, whereas the CCC values for C,,
Cy4, and Cy4 are statistically indistinguishable (Table 2). Such a
phenomenon is usually connected with the limitations of long tail
adsorption in pores.*® (Note that the second (tail-to-tail) stabiliz-
ing layer is not typical for the ND hydrosol under study.) The
reported porous character of the ND aggregates®**® was already
mentioned in the Introduction. The pores may appear in the
secondary aggregates formed by primary species, for instance,
because the fractal structure of the aggregates is possible.'®?>
Therefore, though the hydrocarbon portions of the surfactants
favor the hydrophobization of the ND/water interface, the
attachment of too long tails faces steric difficulties. Otherwise,
it deals with a critical interfacial charge density causing coagu-
lation, which is already reached by the adsorption of alkyl
sulfates (sulfonates) with a medium tail length.

Phys. Chem. Chem. Phys


http://dx.doi.org/10.1039/c5cp01405k

Published on 27 May 2015. Downloaded by University of California- San Diego on 02/06/2015 16:29:49.

Paper

90+
80+
70
60

50+

b~
Dl 40

30

20+

10

10 20 30 40 50 60
h/nm

View Article Online

PCCP
904 b
80
704
60

50

h/nm
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Fig. 14 The TEM image and the selected area electron diffraction pattern of the 0.036% ND hydrosol after evaporation of water (see also Section 4.1);
top right corner: the particle size distribution by number in 0.03% sol, as determined by the DLS method.

Despite the porosity and the (probable) loose structure of the
aggregates, the primary particles are rather firmly fixed therein.
For instance, the sonication (electrical power ca. 50 W) for
25 min of the 0.027% ND hydrosol with an average size of 30 nm
and PDI = 0.180 resulted in the average particle size of 18 nm
and some fraction of micron species, PDI = 0.312. The primary
3 nm particles do not appear after such a light treatment.

4.9 The concentration-dependent properties of the ND
hydrosol

The data depicted in Fig. 1 clearly show that the number of
small particles around 3 nm decreases with dilution; the DLS

Phys. Chem. Chem. Phys.

data exemplified in Fig. 14 prove the reproducibility of the
results.

The above-discussed porosity of the species at 0.19% sup-
ports the hypothesis of formation of secondary aggregates at
lower ND concentrations. The TEM images give more definite
evidence; the results typified in Fig. 14 are representative
examples of a much larger body of data for both 0.036 and
0.0036% ND (see ESI¥).

A qualitatively similar picture was obtained using SLS. At the
same time, the increase in the particle size is accompanied by
the drop of the viscosity (Fig. 15). Similar viscosity data have
been already reported for ND hydrosols.>® The differences in
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Fig. 15 The dependencies of the particle size (left) and viscosity (right) on
the ND hydrosol concentration (logarithmic scale).

size manifest themselves even more distinctly under coagulation.
About the CCC value, in the 3.0 mM NacCl solutions, the average
sizes of 0.67%, 0.13%, and 0.024% ND hydrosols are 60, 87, and
244 nm, respectively, as determined by the DLS measurements. It
should also be reminded that the apparent absorptivity increases
along with dilution too (Fig. 3, inset).

It should be noted that more often the reverse process, ie.,
the dissociation of the secondary aggregates along with dilution
takes place in colloid systems. For instance, the theory of
coagulation proposed by Muller’®*® explains the increase in
CCC on going from concentrated to diluted sols using the concept
of disaggregation of larger species. This theory appeared to be
helpful for understanding the CCC values for the Cg, hydrosols.®”

For the ND hydrosols under study, the picture is reverse within
the range of 0.01 to 5.0%. At this stage of research, we propose the
following explanation. In concentrated solutions, the small parti-
cles interact through the surrounding water layers and form a
class of so-called periodic colloid structures,*”®’® or “colloidal
crystals”,**®® which lead to some structuring of the sol and
viscosity enhancement. Note that at 12 wt/vol%, the system
converts into a hydrogel. In the 5 wt/vol% hydrosol, when the
volume fraction of the dispersed matter is as small as 1.6%, the
system is already on the way to gelation. Then, if the ND species
are distributed uniformly, the average distance between the
positively charged 2.7 nm-sized particles is about 10 nm. However,
in the concentrated ND hydrosol, the zones of periodic colloidal
structure do not necessarily cover the whole solution. In such a
case, the rest of the solution may be considered as “voids”.>® For
similar concentrated ND colloids, Avdeev et al.'®°*° deduced the
presence of fractal aggregates based on the SANS data. Our DLS
experiments, however, indicate the existence of small particles in
the concentrated ND sol (Fig. 1 and 15). In any case, a two-fold
increase in the viscosity as compared with pure water (Fig. 15)
should be explained in terms of some assembling of primary
species, such as fractals, rod- or worm-like structures. Taking into
account the DLS data, the concept of periodical structures proposed
in the present work seems to be reasonable for further discussion.

After dilution, the distances between the particles became
larger, and it becomes more preferable to form secondary
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aggregates, much more separated from each other in aqueous
medium.

Though the DLVO theory is inapplicable for 3 nm-sized spe-
cies,” and as a rule the periodic colloidal structures or colloid
crystals are formed by much larger species, some analogy with the
coagulation in the “distant minimum”, without direct contact,’>®*
seems to be reasonable. If the concentrated hydrosol is rather
“tight”, and a balance between attraction and repulsion of the
neighboring nanoparticles takes place, the proposed structure
appears to be the most preferable one.

For such a kind of colloidal system, some peculiarities have
been noticed long ago, mostly for much larger particles of the
dispersed phase,®**1#5-92 but also for 7 nm Au nanoparticles.”®
The most significant one is as follows: the ‘“secondary” or
“distant” minimum, resulting from the cooperative inter-
actions, may be deeper as compared with that calculated from
the interaction of two particles only. Namely, the fixation of
particles without direct contact may take place even if the
repulsive forces overcome the attractive ones. The structural
forces may also hinder the aggregation. Small concentrations
of the electrolyte may favor the fixation in the distant minimum,
whereas elevated concentrations result in adherence of the
species. Note that at least ca. 3 mM of Cl™ ions are already
present in the entire 5.0% ND hydrosol, while adding NaCl
results in coagulation of this sol at the same CCC ~3 mM.

The polydispersity index, PDI, gradually decreases with
dilution. For instance, these values are equal to 0.590 for 5%
ND hydrosol, 0.523 for 1%, and 0.241 and 0.190 for 0.19% and
0.036% hydrosols, respectively. Probably, some numbers of very
large islands of associated species are also present in concen-
trated sols, as it is demonstrated by the DLS measurements in
the volume-size and intensity-size distributions.

Upon dilution accompanied by stirring of the system, the
cooperative interactions become weaker; the entropy factor
(AS > 0) favors uniform distribution of species in the enlarged
volume. This results in destroying of such a quasi-equilibrated
state, and the (probably stepwise) aggregation takes place
owing to the hydrophobic interactions and van der Waals
(dispersive) forces (Fig. 16). Instead of the network of small
particles, larger aggregates are formed as a result of tight
interaction between several neighboring primary particles.

Then further aggregation, or coagulation, becomes hindered
by the lower probability of particle collision, the Brownian
motion, and the decrease in the ionic concentration in the
bulk and thus expansion of the diffuse parts of the double
electrical layers of the ND aggregates.

Interestingly, the concentrated ND sols are inclined to very
slow aging. Storing of the initial hydrosol for a period of time
leads to some decrease in the viscosity (compare Fig. 15 and the
data in Table 1). Also, the average particle size in the 2.9 and
2.5% ND sols determined by DLS two months later than that
depicted in Fig. 15 exhibits an increase: d = 5.7 and 6.9 nm,
respectively, which exceeds by 12-35% than that of 1.0%
determined earlier. These and other similar observations
denote the slight aggregation processes even in the concen-
trated ND solutions.
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Fig. 16 The schematic picture of the dilution of the periodic structure resulting in the formation of larger colloidal aggregates.

5. Conclusions

Together with the non-diamond layer, the size of the colloidal
species is 2.8 + 0.6 nm. The light absorption decreases gradually
from 350 to 700 nm, and the solutions do not obey the Bouguer—
Lambert-Beer law. The fluorescence maximum is at 625 nm,
while the emission excitation maximum is at 491 nm, just near
the line of the argon-ion laser. The zeta-potential varies within
the range of ca. +(40 to 60) mV depending on the ND concen-
tration. Anionic dyes, such as bromophenol blue, rose Bengal B
and other oxyxanthenes, are readily adsorbed on the colloidal
species, which results in bathochromic shifts of the absorption
bands of the dyes.

The coagulation points, CCC, were determined with nine
inorganic electrolytes and five colloidal ionic surfactants using
the procedure of spectrophotometric titration. These data are in
line with the positive charge of the colloidal species. Indeed, the
Schulze-Hardy rule predicts the sharp increase in the coagulation
power of multi-charged anions in the case of “positive” sols. The
fulfillment of the lyotropic (Hofmeister) series was also observed
for single-charged anions. A cationic surfactant coagulates the
hydrosol as a usual salt, the zwitter-ionic one does not exhibit any
influence, whereas a set of alkyl sulfonates and sulfates displays
expressed coagulative action thus revealing the adsorption/neu-
tralization mechanism. The acidic nature of the positive charge of
nanodiamond species becomes evident as follows from the
abnormally low CCC value for NaOH and the elevated value for
HCI. The potentiometric titrations confirm this finding.

The relatively weak coagulating power of hydrogen chloride
allowed applying four acid-base indicators for examining the
ND/water interface. Within the narrow pH range, the indices of
the apparent ionization constants of the indicators, pK3PP, were
determined. This, in turn, opened up the possibility for esti-
mating the interfacial electrical potential of the nanodiamond
particles, V. The last value was always higher as compared with
that of the zeta-potential, in agreement with the principles of
colloid chemistry.

The colloidal system under study exhibits unusual changes
along with dilution from 5.00% up to 0.01%. The number of

Phys. Chem. Chem. Phys.

small particles around 3 nm decreases, whereas the average
size turns to 30-35 nm. These DLS data are in line with the TEM
images. The phenomenon may be explained in the following
manner. In concentrated solutions, the small particles interact
through the surrounding water layers and form a class of
so-called periodic colloidal structures (colloidal crystals), which
lead to some structuring of the sol and viscosity enhancement.
The well-hydrated small particles interact through the surround-
ing water layers. This results in the formation of a structure
resembling a closely packed crystal lattice. After dilution, the
distances between the particles became larger, and it becomes
more preferable to form secondary aggregates, much more
separated from each other in aqueous medium.
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