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INTRODUCTION
Nanodiamonds (ND) elicit particular interests for biological

y applications. However, among inherent issues that govern not only
their dispersibility [1,2] in stable colloids but also their biologicaltheir dispersibility [1 2] in stable colloids but also their biological
internalization and eff ects on tissues and cells [3,4], the surface
te at o s o e o t e ey ssues t at equ es pa t cu a atte t o .termination is one of the key issues that requires particular attention.

When their surface termination is well controlled, ND of average
diameter inferior to 20 nm exhibit advantageous physicochemical
properties such as; a good colloidal stability in aqueous suspensions,
a capacity of surface functionalization by biomolecules, as well asp y y ,
low toxicity rates [3-5]. Because of these qualities the ND excite
particularly the scientifi c community for their potential in biomedical
applications [6-8]. Th ese ND properties are essentially the result of applications [6-8] These ND properties are essentially the result of
a surface chemistry combined to a great specifi c surface to volume
ratio [9,10].

Amongst the existing surface chemistries [11], Hydrogenated ND
(H-ND) present a particular interest, more precisely, in radiotherapy,
due to their radio-enhancing properties. Indeed, the in-vitro tests on
radio-resistant cell lines, applying a concomitant exposure of H-ND 
and ionizing radiation have demonstrated a remarkable effi  ciency [3].and ionizing radiation have demonstrated a remarkable effi  ciency [3].
However, during the preparation of H-ND suspensions, a random , g p p p ,
H-ND fraction precipitates [12], which leads to uncertain estimations
of remaining H-ND density in suspension. Th erefore, it is crucial 
to fi nely quantify the H-ND in aqueous suspensions, to determineto finely quantify the H-ND in aqueous suspensions to determine
a quantity suffi  cient for the H-ND optimal effi  ciency without toxic
events in vitro or in vivo. 

However, among the commonly used methods for H-ND
characterization, as for example, Fourier Transform Infrared
Spectroscopy (FTIR) [13-15] or Raman spectroscopy [8,11,16,17],
etc., none of them allows the quantifi cation of H-ND colloidal
fraction directly in aqueous suspensions. Generally, indirect analysisfraction directly in aqueous suspensions. Generally, indirect analysis
may be performed by pre-concentrating the suspension on a fi lter, y p y p g p ,
combining the nanoparticles with a specifi c calibrator metal or
drying the suspension before a spectroscopic analysis. However, the
concentration of nanoparticles obtained by these methods of analysisconcentration of nanoparticles obtained by these methods of analysis
remains merely approximate and does not correspond to the real
concentration of nanoparticles in the analyzed suspension.

Moreover, in Raman spectroscopy, the diffi  culty of analyzing 
H-ND directly in a liquid environment results from the interference 
between the vibrational frequency of the C-C sp3 bond in diamonds,
observed in a solid matrix at 1330 cm-1 [18-21] and the vibrational
frequencies of water molecules [22,23] around this spectral area.frequencies of water molecules [22,23] around this spectral area.frequencies of water molecules [22,23] around this spectral area.
Consequently, this issue forbids all fi ne identifi cation or quantifi cation
of H-ND in an aqueous matrix.

Here, beyond the possibility to provide better insights on the
mechanisms set off  by ND hydrogen surface termination, we propose

a very innovative method that will enable a direct quantitative 
determination of H-ND in aqueous suspensions. Th ese calculations
are brought through the analysis of the alterations in spectroscopicare brought through the analysis of the alterations in spectroscopic
properties of water molecules interacting with H-ND in a water/
Dimethyl Sulfoxide (DMSO) aqueous suspensions.

EXPERIMENTALEXPERIMENTAL
Hydrogenated nanodiamondsHydrogenated nanodiamonds

Two kinds of H-ND have been used in this study. Th e fi rst batch 
of H-ND has been provided by Cardiff  Diamond Foundry. H-ND 

g ζ phave an average size of 15 nm with a ζ-potential between 49 and 63 
mV. Th e H-ND were prepared, put in suspension at 2 mg/ml and 
characterized as reported in Oliver AW, et al. [5].

A second batch of H-ND has been provided by Diamond Sensor
Laboratory (CEA, Saclay). Th is batch is of average size of 20 nm y y g
with a ζ-potential between 45 and 57 mV. Th ey were prepared put in
suspension at 1.8 mg/ml and characterized as reported in Girard, et
al. [14]. A representative Raman spectrum of these batches is shown al [14] A representative Raman spectrum of these batches is shown
in results.

Raman Spectrometer

Serstech 100 Indicator Raman spectrometer is used for theSerstech 100 Indicator Raman spectrometer is used for the
analysis of H-ND suspension. It is composed of a class 3B laser, with
an excitation wavelength of 785 nm and a maximum power of 300 
mW. Th e spectral width goes from 400 to 2300 cm-1 with a spectral
resolution of 10 cm-1. Th e detector integrated in the spectrometer is 
a linear sensor functioning as a Charge Coupled Device (CCD). Th e 
instrument is calibrated with [5,12] 50% aqueous DMSO solutions, asinstrument is calibrated with [5,12] 50% aqueous DMSO solutions, as
well as with a range of H-ND suspensions in corresponding DMSO 
aqueous solutions.

Th e Raman laser presents a Gaussian beam of 1mm of average
diameter. Th e diameter of the analysis cuvette is 1cm. With low 
absorbance of water and the DMSO at 750nm (including the DMSO/
water mixture solutions), the attenuation of laser power crossing the
cuvette is negligible. Th e same is also true for ethanol/water solutions.
[24] Hence, the power delivered by the laser in a given volume unit 
of the analysis cuvette may be considered as identical, regardless itsof the analysis cuvette may be considered as identical, regardless its
position in the cuvette, therefore, a maximum of 300mW/3.4mm2

(300mW/3.4x1012nm2) or 9.5x10-5nW/nm2. 

However, depending on the concentration of H-ND in
suspensions there is an increasing masking eff ect of the received laser p g g
power. Th is masking eff ect depends on 1) the distance of the particle 
from the cuvette side of laser beam’s impact and 2) the concentration
of H-ND in the suspension. Th e bigger the distance and the higher of H-ND in the suspension The bigger the distance and the higher
the concentration of the particles, the more important the masking
eff ect is.

ABSTRACT
Current fi ndings on interactions of water molecules with Hydrogenated Nanodiamonds (H-ND) are still unclear. Through an unusual 

use of dimethyl sulfoxide, this study by Raman spectroscopy presents a model of the structuration of water molecules surrounding the 
H-ND. The hydration hereby demonstrated is carried out by direct hydrogen bonds between at least one electron doublet of the oxygen 
atom from the water molecule and the hydrogen atom from the H-ND surface. These hydrogen bonds at the H-ND-water interface 
are stabilized by other hydrogen bonds between these water molecules bound to the H-ND. These water molecules in the immediate 
proximity of H-ND strongly bonded to the H-ND are not removed in the environment with a moderate dimethyl sulfoxide concentration, 
while the other hydrogen bonds linking only the water molecules are displaced. This property off ers a new quantifi cation strategy for H-ND 
in aqueous suspensions.
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For the same volume unit in the cuvette, the exposure depends
directly on particles’ size and concentration. When the size of the
particles is homogenous in the cuvette, aft er agitation, the average 
power received by the particles in a volume unit, and the Raman signal power received by the particles in a volume unit, and the Raman signal 
associated to the same element of volume unit, become dependent
only on the particle concentration in that volume unit, since all other
elements are a constant.l

Normalization methods

Th e Raman signal has been demonstrated by normalizing theTh e Raman signal has been demonstrated by normalizing the
f spectrum intensities to one peak intensity. Th e normalization of

Raman spectra for suspensions with DMSO in water is realized
with the intensity of DMSO Methyl Group (-CHh h f h l ( 3) at 950cm) -1.1  For
suspension with DMSO in ethanol the peak intensity of the C-C-Osuspension with DMSO in ethanol the peak intensity of the C-C-O
vvibrational frequency group at 428 cm-1 has been used for the
normalization. Th e vibrational frequencies of these normalization
peaks are unaff ected by the experimental environment.k ff d b h i l i

Sample preparation

All of the analyzed suspensions, have been obtained by taking anAll of the analyzed suspensions have been obtained by taking anAll of the analyzed suspensions, have been obtained by taking an
aliquot in the initial suspension and diluting in diff erent suspensions
to fi nal percentages of 5%, 12%, 50% of DMSO in ultrapure water or
suspensions with a 12% DMSO in ethanol.i i h 12% DMSO i h l

Selection of quantifi cation relevant frequencies 

To determine the relevant frequencies whose spectroscopicTo determine the relevant frequencies whose spectroscopic
signal represents a linear dependency regarding H-ND suspensions
concentrations, the spectroscopic intensity measured for each
frequency at diff erent H-ND concentrations is plotted in relation tof d ff l d l
the mentioned H-ND concentrations. A linear regression coeffi  cient 
has been calculated for each graph. Th e frequencies have then been
ranked in a decreasing order of the linear regression coeffi  cient.
Th e top fi ve of the ranking presents the best linearity between the
spectroscopic signal and the H-ND suspension concentration. Th e 
measurements being realized in suspensions; the Raman signal is
averaged by the Brownian motion of particles. Th e resulting signalsaveraged by the Brownian motion of particles. Th e resulting signals
present a Gaussian distribution such as shown in fi gure 9. Th e value

f retained for the intensity measuring is the width at half maximum of
the peak.h k

Phase exchange sample preparations

Th e aqueous phase in the experiments is ultrapure water. Th eTh e aqueous phase in the experiments is ultrapure water. Th e
aliphatic phase is an oil composed of 70% Glyceryl Trilinoleate,
19% Glyceryl Trioleate, 6% Glyceryl Tripalmitate and 5% Glyceryl19% Glyceryl Trioleate, 6% Glyceryl Tripalmitate and 5% Glyceryl
Tristearate. Th e perfl uoroalkane phase is tetradecafl uorohexane.
Representative image of phase exchange experiments is shown in
results.results

RESULTS AND DISCUSSION
Th e Raman spectroscopy analyses of H-ND in a solid matrix,Th e Raman spectroscopy analyses of H-ND in a solid matrix,

give the vibrational frequencies of C-C sp3 bonds characteristic for
diamonds at around 1330 cm-1 [18-21,25,26]. In some H-ND samples,
a C-C sp2 bond vibrational frequency at around 1650 cm-1 may be
observed, suggesting graphene presence on the H-ND surface [27,28].observed, suggesting graphene presence on the H-ND surface [27,28].
When analyzing ND in a solid matrix by Raman spectroscopy, 
the peak corresponding to C-C sp3 at around 1330 cm-1 is used for
diamond identifi cation and quantifi cation. When in a solid matrix,
the density of nanoparticles is defi ned only by the space they occupy,
more specifi cally, by the form and the size of the given particle. In
aqueous suspensions, this type of analysis is not directly quantitative

because the volume of an analyzed suspension is very low. Drying
these suspensions for a solid-state analysis can lead to material losses 
or measurement artifacts, which, unfortunately, excludes this solid-
state method for measurements in aqueous suspensions. Additionally,
the quantity of observed particles in suspensions is proportional tothe quantity of observed particles in suspensions is proportional to
their density (particle concentration in a suspension), which does not 
depend on their size or shape.

Th e main challenge is how to make the Raman analysis
quantitative directly for H-ND suspensions and thus which spectral
line(s) in an aqueous matrix should be relevant. Importantly, in an
aqueous environment, the C-C sp3 diamond signal at around 1330cm-

1 is blurred by the Raman signal of water molecules observed in the is blurred by the Raman signal of water molecules observed in the
same region. Indeed, the signal of water molecules’ vibrations is a 
very broad cluster peak: a doublet with two maxima, one at 1650 cm-1

corresponding to one of three O-H bond vibrational modes, here the
OH bending, and the other around 1400cm-1  indicating the presence 
of Hydrogen Bonds (HB) between water molecules [22]. In H-ND
suspensions, the observed water signal in Raman spectrum is highly 
aff ected by the presence of H-ND as shown in (Figure 1). Surprisingly, 
the intensity of O-H bending signal at 1650cm-1, as well as the signal 
corresponding to HBs at 1400 cm-1 are weaker for H-ND suspensions
than for water alone. Moreover, the intensity of the O-H bending line
at 1650cm-1 becomes less intense than that of the HB at 1400cm-1 in 
presence of H-ND. Moreover, the intensity bias of these two spectral
lines is contrary to what is observed in the case of water alone. Th is 
spectral behavior confi rms an interaction between water molecules spectral behavior confi rms an interaction between water molecules 
and H-ND surface, which impacts water molecules organization in
the suspension.

A chaotropic agent, such as DMSO [29] is capable of disrupting
[30] hydrogen bonds network, which are structuring the liquid water
[31,32]. DMSO can, in fact, only be an acceptor of HB, whereas water

yis both an acceptor and a donor [33]. Indeed, we have observed by 
Raman analysis, starting from 3% (v/v) DMSO in water, alterationsRaman analysis, starting from 3% (v/v) DMSO in water, alterations
in vibrational intensities of O-H bonds. Th ese alterations are seen as 
a decrease of water signal intensity around the area of 1330 cm-1 as a 
function of DMSO percentage. Th is signal is greatly reduced and nofunction of DMSO percentage. Th is signal is greatly reduced and no
more detectable at 12% and 50% (v/v) DMSO in water, respectively 
(Figure 2).

Consequently, in order to minimize this masking eff ect of 
the water signal, diff erent concentrations of H-ND were put in a 
suspension in water containing increasing concentrations of DMSO
(5%, 12% and 50% (v/v) DMSO in water). Th e C-C sp3 diamond line
is not discretely identifi able in suspensions, however when analyzingis not discretely identifiable in suspensions, however when analyzing
the H-ND suspensions with increasing concentrations, spectral

Figure 1: Ultra-pure water Raman Spectrum (in blue) and Raman spectrum 
of 1.8 mg/ml of H-ND aqueous suspension (In red).
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intensities in the area around 1330 cm-1 increase with the H-ND 
suspensions’ concentration, in all analyzed DMSO concentration 
(Figures 3a, 3b, 3c). 

Th erefore, it was crucial to investigate the potential proportionality 
between the peak intensities and the variations of H-ND suspensions’ 
concentrations in this area. Th e observed intensities in the given 
area have been normalized with the DMSO methyl group peak 
intensity at 950cm-1 [34]. For each frequency in the spectral region 
between 1200cm-1 and 1400cm-1, the linearity regression factor has 
been calculated, in reference to the H-ND concentration. For each 
of analyzed DMSO concentrations, the fi ve highest linear regression 
factors have been selected using a ranking method to determine 
discrete frequencies’ values (Table 1).

For H-ND suspensions in 5% and 50% (v/v) DMSO in water, the 
correlations are weak. More precisely for 5% (v/v) DMSO, we observe 
in fi gure 4a a linear dependence for low H-ND concentrations, 
whereas above H-ND suspension concentration of 300μg/ml, the 
signal becomes saturated. For 50% (v/v) DMSO in water, there is no 
linearity for lower H-ND concentrations (Figure 4c). However, around 
the H-ND concentration of 180μg/ml and above, the signal becomes 
linear. On the other hand, for H-ND suspensions in 12% (v/v) DMSO 
in water, as presented in fi gure 4b, the linearity regression factors 
calculated in the same manner, present a strong correlation between 
0.993 and 0.978 for the fi ve selected frequencies, all found between 
1226 cm-1 and 1348 cm-1, as shown in table 1, section B. Th ese factors 
indicate the proportionality between H-ND concentrations and the 
observed signal for the fi ve selected frequencies. Th is fact confi rms 
the possibility of H-ND quantifi cation in aqueous suspensions in 
12% (v/v) DMSO in water. Regardless of the DMSO concentration, 
all the signals presenting the best correlations are found between 
1226 cm-1 and 1348 cm-1. For the tested H-ND batches, the conditions 
1) 12% (v/v) DMSO in water and 2) 1230 cm-1 a calibration curve 
is obtained for evaluation of H-ND suspension concentrations. Th e 
correlation factor of 0.993 allows an estimation with less than 1% of 
error probability. However, a calibration curve has to be realized each 
time for a new type of particles when their parameters change; more 
precisely, the hydrogenation ratio of the H-ND surface and their size 

distribution, since these are the parameters essential for a Raman 
response.

Th e DMSO has been used in suspensions’ analyses to potentially 
unveil the C-C sp3 diamond signal by clearing off  the masking water 
signal in the same region. We had to verify then, if one of these signals 
represents the displaced C-C sp3 diamond line, knowing that the 
signal may be aff ected by various experimental factors, such as the 
excitation laser, the solvent [35] etc. For this premise to be true, this 
signal’s distinction should presumably increase with the increasing 
DMSO concentration in suspensions, however, this is not what we 
observe when comparing the signals of H-ND suspensions in 12% 
and 50% (v/v) DMSO in water. Th is absence of signal distinction is a 

Figure 2: Raman Spectra of diff erent DMSO concentrations in water 
solutions.

Figure 3a: Raman Spectra of H-ND suspensions in 5% DMSO v/v in water.

Figure 3b: Raman Spectra of H-ND suspensions in 12% DMSO v/v in water.

Figure 3c: Raman Spectra of H-ND suspensions in 50% DMSO v/v in water.
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Figure 4a: Raman signal dependence on H-ND suspensions concentrations 
for each selected frequency at 5% DMSO in water.

Figure 4b: Raman signal dependence on H-ND suspensions concentrations 
for each selected frequency at 12% DMSO in water.

direct consequence of a larger number of disrupted HB in the water 
network with 50% DMSO than that in the case of the 12% DMSO, 
which suggests that none of the fi ve selected frequencies correspond 
to the C-C sp3 diamond vibrational signal. Nonetheless, in the 
experiment with H-ND in pure DMSO, there is no signifi cant signal 
in the observed region. However, the loss of this signal is reversible 
if diluting the DMSO with water to reach 12% (v/v) DMSO in water, 
which implies that there is no irreversible chemical reaction between 
DMSO and H-ND. 

By widening the spectral window from 1200 - 1400 cm-1 to 1200-
1800cm-1, the latter corresponding to the area of vibrations of water 
molecules (O-H bending and HB), the calculated linearity regression 
factors highlight other frequencies around 1700 cm-1 where the 
intensities are strongly correlated with H-ND concentrations. 
Low distinction of these signals in suspensions with high DMSO 

Figure 4c: Raman signal dependence on H-ND suspensions concentrations 
for each selected frequency at 50% DMSO in water.

% DMSO in H2O Wavenumber (cm-1) Concentrations & Intensities Linearity 
regression factors

A 5

529
μg/ml

265
μg/ml

132
μg/ml

53
μg/ml

5.3
μg/ml

R2

1226 0.66691 0.61711 0.23156 0.15608 0.07573 84.9%

1228 0.67757 0.65576 0.26604 0.18404 0.09966 82.3%

1230 0.69743 0.68219 0.28161 0.21052 0.10466 81.5%

1232 0.66728 0.63958 0.23970 0.15756 0.08716 82.8%

1348 1.06250 1.03733 0.44277 0.29476 0.18378 81.9%

B 12

1226 0.28592 0.15035 0.10826 0.09323 0.05445 98.1%

1228 0.26408 0.13432 0.09676 0.07303 0.04391 98.7%

1230 0.26264 0.13432 0.09732 0.05968 0.03622 99.3%

1232 0.25230 0.11287 0.08054 0.04430 0.02656 98.5%

1348 0.39943 0.20472 0.15164 0.12234 0.05247 97.8%

C 50

1226 0.20342 0.05418 0.03407 0.01251 0.03441 87.3%

1228 0.28845 0.09217 0.03010 0.01132 0.03398 91.7%

1230 0.31957 0.09882 0.03742 0.01102 0.03441 92.1%

1232 0.23739 0.07058 0.02968 0.01013 0.03441 89.7%

1348 0.51993 0.13556 0.03679 0.01310 0.03398 91.2%
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concentration rules out the probability of a C-C sp2 vibrational signal
presence.

Since the signal we observe does not correspond to the C-C sp3 or
the C-C spp2 signal, the question remains, to what does this signal truly g q g y
correspond? It seems that in H-ND aqueous colloidal suspensions,
at least two types of interactions with diff erent energies coincide; 
type 1: between the solvent and the H-ND at the interface and typetype 1: between the solvent and the H-ND at the interface and type
2: the interaction between the molecules of the rest of the solvent,
as suggested by Petit, et al. [36]. While the HB between DMSO and
water are stronger than those between water molecules solely [33]
and because the water molecules bonded to H-ND at the interface
cannot be removed by 12% (v/v) DMSO in water, this implies that
the interactions between H-ND and the fi rst hydration shell might 
be even stronger than those between DMSO and water. Th ese facts
suggest that what allows H-ND quantifi cation are in fact, water 
molecules strongly interacting with H-ND [15], which the DMSO at
12%, is not able to remove. To verify this, the H-ND suspensions in
water or in 12% (v/v) DMSO in water, have been tested in a series 
of phase exchange experiments, wherein, these suspensions were
not able to cross aliphatic-aqueous or aqueous-perfl uoroalkane 
interfaces, respectively, despite the density diff erences, even when 
centrifuged [37]. We have observed that the H-ND (density of 3,75g/
cm3), in a suspension with a pure aliphatic phase, like oil (density 
of 0,9g/cm3) are not able to cross the oil-water (density of 1g/cm3) 
interface, even with centrifugation. Th is confi rms the lipophilic
nature of H-ND surface in the case where H-ND have not previously 
been in contact with water. On the other hand, H-ND, in a suspension
either with pure water or with 12% (v/v) DMSO in water, are not able
to cross the interface water-tetradecafl uorohexane, whose density is 
of 1.7g/cm3, even with centrifugation. On the contrary, dry H-ND
migrate across the tetradecafl uorohexane phase. In conclusion, the 
molecules providing the solvation of H-ND are tightly bound to
H-ND and cannot be removed by an amphiphobic environment such
as perfl uoroalkanes. From the moment when the H-ND have been
put in contact with water, a durable hydration shell forms, indicating 
the hydrophilic nature of H-ND. Th e interaction type between the 
H-ND and the solvent seems to be very important, since it defi nes
their organization and structural stability. Th e importance here is to
clarify if the observed interaction between the H-ND and the water
molecules is a result of a direct interaction; HB, Van der Waals,
electrostatic interactions or is it indirect such as a formation of a

y p p g p j yp yhydrophobic pocket or gap. Two major hypotheses may serve as an
explanation of these interactions: an indirect cage-type interaction
[38] or a direct bond with H-ND.

Th e model of Petit, et al. [36] proposes the solvation of H-ND by 
their capacity of electron accumulation on the surface. Th is model p y
implies necessarily that the electron layer has to be stabilized with
water molecules oriented with their hydrogen atoms towards the
H ND surface. Th ese stabilizing water molecules form a tetrahedralH-ND surface. These stabilizing water molecules form a tetrahedral
ice-like network of Double Donors (DD) and Double Acceptors
(AA). Verifying the H-ND solvation in a solvent, which does not
allow DD and AA bonds, would help making a choice between the
two hypotheses. To answer this question, water has been substituted
by ethanol where oxygen atom has two doublets capable of accepting
HBs but has only one hydrogen atom as a donor, making impossible 
the network formation of DD and AA solvent organization [39].
When a suspension of H-ND in ethanol is put on top of an oil phase,
the H-ND do not cross to the oil phase, certainly due to the ethanol
solvation of the H-ND (Illustration in fi gure 5).

Moreover, to respect the same conditions as for the suspensions
of H-ND in 12% (v/v) DMSO in water, we have analyzed H-ND in
12% (v/v) DMSO in ethanol. Th e ethanol spectrum profi le limits the 
observation window of frequencies to 1200-1250cm-1, 1300-1350cm-

1 and 1550-1800cm-1. Nevertheless, for these observed windows 
we obtain a linear dependence between the H-ND suspension we obtain a linear dependence between the H-ND suspension 
concentrations in 12% (v/v) DMSO in ethanol and the frequencies in
these zones as presented in fi gure 6. 

Furthermore, this solvation of H-ND by ethanol, does not involve
a system of HB like DD in the solvent molecules. Th is means that 
in the model with electron accumulation on the H-ND surface
[36], ethanol molecules would not be capable to stabilize this kind
of system. According to our results, for the above said, the mostof system. According to our results, for the above said, the most
probable possibility is a HB between H-ND and ethanol. However, 
a physisorption could occur, where the aliphatic groups of ethanol 
adsorb onto H-ND surface and on that account allows solvation by 
ethanol [40]. Th is scenario is highly improbable, since the H-ND do
not aggregate in ethanol and are not capable of crossing the ethanol-
oil interface as shown in fi gure 7. 

Figure 5: An example of ethanol molecule organization around a H-ND. 
Formation of HB network, on one side between the hydrogen atom on the 
H-ND surface and a doublet of the oxygen atom of the ethanol, and on the 
other side between a hydrogen and the oxygen in ethanol.

Figure 6: Raman signal dependence on H-ND suspensions concentrations 
for each selected frequency at 12% DMSO v/v in ethanol.
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Th e core of an H-ND is formed of C-C bonds, consequentially, 
there is a diff erence in potential, suffi  cient to induce a C-H bond 
polarization with the surface charge distribution, δ- on the carbon 
atom and δ+ on the hydrogen atom, as illustrated in the fi gure 8. 
Th is phenomenon is possible even for the C-H bonds involved in 
eventual C-C sp2 bonds potentially present on the H-ND surface. 
Th is diff erence in potential would allow a formation of a HB between 
the hydrogen atom on the H-ND surface and the oxygen atom of the 
water.

To verify the possibility of a HB, we have analyzed H-ND 
suspensions in pure DMSO, the latter being only an AA, the only 
possible HB could be formed between the hydrogen atom of H-ND 
and the oxygen atom of the DMSO. In fi gure 2, as already reported for 
DMSO solutions in water, we observe that the sulfoxide group (S = O) 
peak of DMSO at 1046 cm-1 is displaced to a lower vibration at 1012 
cm-1 (a red shift ) with the diff erence of 10 cm-1 in the Full Width at 
Half Maximum (FWHM) of the peak, demonstrating the presence of 

a HB between the oxygen atom of the DMSO and the hydrogen atom 
from the water molecule [17]. Moreover, this S = O peak intensity, 
increases in a non-linear fashion, related to the DMSO concentration 
in water, as expected for a DD [41], such as presented in fi gure 9. 

If we analyze Raman spectra of increasing H-ND suspensions 
concentrations in pure DMSO, a similar phenomenon occurs, a red 
shift  of the S = O vibrational signal with the diff erence of 16 cm-1 in the 
FWHM, and a non-linear increase of the signal with the increasing 
H-ND concentrations, as shown in fi gure 10, directly proving a HB 
formation. 

While the carbon’s electronegativity is 2.55 and 3.45 for the 
oxygen, we could expect weak HB between H-ND and water. 
However, 12% (v/v) DMSO in water is not capable of destroying 
these bonds while it disrupts those linking water molecules. Based 
on the structure of clusters’ hydration (as in happens with methanol), 
where the clusters form HB with water molecules [42] and based on 
the observations of the existence of a cage-type structure of water 
molecules surrounding the H-ND as described by Petit, et al. [36] 
in the X-ray Absorption (XAS) spectrum [38], we may deduce that 
the HB between H-ND and water are stabilized by a cage-type water 

Figure 7: A: Ethanol/oil interface after centrifugation. B: H-ND on the ethanol/
oil interface, after centrifugation

Figure 8: Example of a partial ionization of σ bonds between a hydrogen and 
a sp3 carbon of the H-ND, bound to three other carbon atoms. (An ionization 
of the σ bond may also exist between a hydrogen and a sp2 carbon).

Figure 9: Dependence of the S = O peak on diff erent percentages of DMSO 
in water.
a: Non linear evolution of the peak intensity relative to DMSO percentage. b: 
Red shift of the S = O peak

Figure 10: Dependence of the S = O peak on H-ND concentration in pure 
DMSO.
a: Non linear evolution of the S = O peak intensity
b: Red shift of the S = O peak
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organization. Th is would explain their great stability allowing the 
whole structure to resist to 12% (v/v) DMSO in water. Th e described 
structure is a result of the ambivalent behavior of the H-ND regarding 
their lipophilic and hydrophilic nature. Th e lipophilic aspect tends to 
disrupt the water molecules’ network. However, in order to minimize 
this perturbation, water molecules may contract weak HB with a 
slightly polarized hydrogen on the H-ND surface, forming around 
the H-ND a network of HB between the water molecules, which 
stabilize these weak HB and allow effi  cient hydration of the particle 
(Illustrated in fi gure 11).

CONCLUSION
Th roughout this study, we have developed a technique based on 

Raman spectroscopy that provides insights to the water interaction 
with H-ND. We have shown that the solvation of the H-ND is carried 
out through HB involving directly water molecules in the hydration 
shell. Th ese HB have been identifi ed as particular bonds, implying 
the hydrogen atom of H-ND as a HB donor and a doublet on the 
oxygen atom in a water molecule as an acceptor. Th is organization 
explains the formation of a hydration shell creating an intrinsically 
stable system. Th is type of hydration has already been reported for 
macromolecules such as DNA [42-44] or proteins [45-47], and the 
similarity of these systems’ hydration to H-ND hydration is not 
surprising at all, seen the size and the surface functionality of these 
macromolecules. We have demonstrated a linear evolution of the 
Raman signal of water molecules bound to H-ND, depending on the 
H-ND suspensions concentrations. Further, this approach suggests 
that the quantifi cation of water molecules strongly bonded to the 
H-ND would allow a direct quantifi cation of H-ND in aqueous 
suspensions. To do this, we have shown the effi  ciency of DMSO as an 
agent blurring the free water signal, which allows highlighting bound 
water in the Raman spectral region between 1200 cm-1 and 1800 cm-1. 
Since the H-ND are currently used in research as a radio-sensitizing 
tool [3], the direct H-ND quantifi cation in aqueous suspensions is of 
great interest for biological and biomedical applications. 
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