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ABSTRACT: Nanodiamonds exhibit exceptional colloidal properties
in aqueous media that lead to a wide range of applications in
nanomedicine and other fields. Nevertheless, the role of surface
chemistry on the hydration of nanodiamonds remains poorly
understood. Here, we probed the water hydrogen bond network in
aqueous dispersions of nanodiamonds by infrared, Raman, and X-ray
absorption spectroscopies applied in situ in aqueous environment.
Aqueous dispersions of nanodiamonds with hydrogenated, carboxy-
lated, hydroxylated, and polyfunctional surface terminations were
compared. A different hydrogen bond network was found in
hydrogenated nanodiamonds dispersions compared to dispersions of
nanodiamonds with other surface terminations. Although no hydrogen
bonds are formed between water and hydrogenated surface groups, a
long-range disruption of the water hydrogen bond network is
evidenced in hydrogenated nanodiamonds dispersion. We propose that this unusual hydration structure results from electron
accumulation at the diamond−water interface.

■ INTRODUCTION

The nanoparticle−water interface plays a central role in
nanoparticle reactivity in aqueous environments.1 The organ-
ization of water molecules around dispersed nanoparticles is
believed to affect the colloidal stability,2 the interaction with
cellular environment,3 the chemical and catalytic reactivity,4 or
the optical properties5 of the nanoparticles. Nanoparticles can
also modify solvent properties, leading to more efficient
lubricants6 or thermal fluids7 for example.
The diamond−water interface is a key model system for

interfacial phenomena in water because it is possible to tune the
diamond hydrophilicity by modifying its surface chemistry.8

Oxidized and hydrogenated diamond bulk surfaces are often

used as reference for hydrophilic and hydrophobic surfaces,
respectively.9−11 In addition, the negative electron affinity of
hydrogenated diamond makes this material unique to
investigate charge transfer10,12 and charge accumulation11,13,14

phenomena in aqueous media.
At the nanoscale, the hydration structure of hydrogenated

nanodiamonds (NDs) remains unknown. Detonation hydro-
genated NDs with sizes around 3−5 nm have demonstrated
good colloidal stability in water with highly positive ζ-potential
in water up to pH 12.15,16 This behavior seems different from
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hydrogenated bulk diamond, which have negative ζ-potential at
neutral or basic pH.10,14 Furthermore, other hydrophobic
carbon nanoparticles such as fullerenes17 or carbon nanotubes18

usually present negative ζ-potential in water, therefore a
different hydration structure than classical hydrophobic nano-
particles is expected. Early results on hydration of detonation
NDs have already been reported,19,20 however the role of
surface chemistry on the hydration structure remains unclear. A
previous Raman spectroscopy study focusing on water OH
stretching vibrations has demonstrated surface-dependent
hydrogen bonding between NDs and water molecules in the
first hydration shell, but hydrogenated surfaces were not
considered.5 Stehlik et al. have also demonstrated different
hydration behavior between oxidized and hydrogenated
detonation NDs by Fourier transformed infrared (FTIR)
spectroscopy and further studies are required to have a clear
understanding of the diamond−water interface.21
In this work, we probed the hydrogen bond (HB) network of

water molecules within aqueous dispersions of NDs of different
surface chemistries using FTIR, Raman, and X-ray Absorption
(XA) spectroscopies. Aqueous dispersions from detonation
NDs with hydrogenated (NDs-H), carboxylated (NDs-
COOH), hydroxylated (NDs-OH), and polyfunctional (NDs-
poly) surfaces were compared. Carboxylated NDs produced by
high pressure−high temperature (NDs-HPHT) with a mean
diameter of ∼15 nm were also considered to allow for
estimation of any size related effect of NDs.
FTIR,22,23 Raman,24−26 and XA spectroscopies27−30 have

been extensively applied to probe the HB network of aqueous
solutions, however only a few reports on NDs dispersions are
yet available.5,20,31 In this study, vibrational states of OH bonds
are probed by FTIR and Raman spectroscopy, whereas XA
spectroscopy provides further information on the unoccupied
electronic states of oxygen atoms in water molecules. Both
electronic and vibrational states are affected by hydrogen
bonding, therefore a full picture of water HBs modifications
induced by NDs is provided by combination of FTIR, Raman,
and XA spectroscopies.

■ MATERIALS AND METHODS
Nanodiamonds Preparation. Carboxylated and hydroxy-

lated detonation NDs as well as HPHT NDs were provided by
Adamas Nanotechnologies, Inc. Detonation NDs were
thermally oxidized in air at elevated temperature and then
subsequently fractioned to 5 nm primary particles, yielding ND-
COOH. NDs-HPHT have followed the same oxidation
process. To produce NDs-OH, NDs-COOH were then treated
with lithium aluminum hydride (LAH) at elevated temperature
under reflux. The reaction mixture was subsequently quenched
with 6 M HCl until hydrogen gas evolution ceased, and NDs
were washed consecutively with deionized water until a neutral
pH was obtained. The measured ζ-potential shift from
approximately −35 to +35 mV indicated the reaction had
proceeded successfully. The ND-OH material was subsequently
fractioned to approximately 30 nm aggregate sizes.
Hydrogenation of NDs was performed using a mass of 40 mg

of carboxylated detonation NDs deposited in a quartz tube and
inserted in a plasma Downstream source (Sairem SAS, France).
High-purity hydrogen gas (>N70) was used with a flow of
10 sccm to maintain a pressure of 12.5 mbar during the
treatment. Plasma was generated in the quartz tube at a
microwave power of 250 W (2.45 GHz) and the temperature of
the NDs during treatment was estimated to be 800−850 °C.

During the plasma, the tube is air-cooled. NDs were exposed to
hydrogen plasma for 20 min and cooled down under hydrogen
for 10 min, leading to ND-H. ND-H were then dispersed in
ultrapure water by sonication (UP400S, 400W, 24 kHz,
Hielscher Ultrasonics GmbH, Germany) for 1 h under cooling.
Larger aggregates were removed from the solution by
centrifugation at 4000 rpm (30 min).
NDs-poly dispersion was produced by the Nanocarbon

Research Institute by bead-assisted milling as described
previously.32 NDs-poly correspond to nanoAmando samples
synthesized in 2015 and have a diameter of ∼3 nm.33

All the NDs were dispersed in pure deionized water. Size and
ζ-potential measurements were performed on a Zetasizer Nano
ZS (Malvern Instruments Ltd. UK) and are summarized in
Supporting Information (SI).

Fourier Transformed Infrared Spectroscopy. FTIR
measurements were performed using a Bruker Vertex 80v
spectrometer with a liquid nitrogen-cooled MCT detector. The
spectral resolution was set to 4 cm−1. The spectra were
recorded in attenuated total reflectance (ATR) single-reflection
mode using a ZnSe crystal. The in-house built environmental
cell consists of a small chamber above the ATR crystal (volume
of ∼2 mL) with an inlet and outlet allowing the exposure of the
sample to gas or liquid. The sample chamber and the whole
infrared path were kept under vacuum during the measure-
ments and only the environmental cell chamber was exposed to
dry air, humid air, or liquid water. After liquid exposure, some
NDs might have been desorbed from the ATR crystal.
For each sample, a reference spectrum was acquired from a

clean ATR crystal after 1 h of flushing with dry air to remove
any atmospheric contribution (1024 scans were used). A drop
of NDs dispersion (100 μL, ∼0.7 mg/mL) was then drop-
casted on the crystal and dried overnight. Dry sample spectra
were recorded under a flow of dry air. Humid air was prepared
by bubbling dry air in a bubbler filled with deionized water
(relative humidity of ∼60−70%). All NDs spectra were
recorded with an average of 128 scans.
After each sample, the ZnSe crystal was cleaned by ethanol,

acetone, and water and new reference spectra were measured to
validate the removal of all NDs sample.

Raman Spectroscopy. Raman measurements were per-
formed using excitation by argon laser with wavelength 488 nm
and power 350 mW. For suppression, elastic scattering edge-
filter Semrock was used. System of registration consisted of
monochromator (Acton 2500i, focal length 500 mm, grade 900
grooves/mm) and CCD-camera (Horiba Jobin Yvon, Synapse
1024*128 BIUV, width of entrance slit 25 μm, resolution
2 cm−1). Registration of spectra was performed in one spectral
range with center at 580 nm (Raman OH stretching band).
Processing of spectra consisted of subtraction of fluorescence
background (minimal value), smoothing by Fourier method,
correction by transmission spectrum in the given spectral range
and normalization on total area of the stretching band.
Thermo-stabilizing system allowed setting up and controlling
the temperature of the sample with accuracy 0.1 °C.

X-ray Absorption Spectroscopy. The experiments were
performed using the soft X-ray undulator beamline BL3U at
UVSOR-III Synchrotron with a transmission liquid cell
previously described.34 The NDs dispersion sample was
sandwiched between two 100 nm thick Si3N4 membranes
(NTT AT Co., Ltd.) with pressed Teflon spacers set between
the window frames of the membranes and can be substituted by
other samples in combination with a tubing pump system. The
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thickness of liquid layer was optimized in order to transmit soft
X-rays with an appropriate absorbance. The energy resolutions
of incident soft X-rays at the O K edge is 0.40 eV. The XA
spectra are based on the Beer−Lambert law, ln(I0/I), where I0
and I are the detection current through the cell without and
with samples, respectively. The liquid flow is stopped during
the XA measurement because the samples are not sensitive to
radiation damage under our experimental conditions. The
photon energy in the O K edge is calibrated by the O 1s π*
peak (530.80 eV) for free O2 molecules mixed with helium gas.

■ RESULTS AND DISCUSSION

Surface Chemistry of Dry Nanodiamonds. The
characterization of the surface chemistry of NDs was done by
FTIR spectroscopy in ATR mode using an environmental cell.
The measurements were performed under dry air flow at room
temperature following overnight drying thus ensuring that most
of the bulk water is removed without modifying the surface
chemistry of NDs (Figure 1). A few water molecules may
remain on the NDs surface since the samples were not
annealed.
The broad absorbance in the region 900−1500 cm−1 present

in all spectra of investigated NDs comes from vibrations of the
diamond core and the surface chemistry of NDs. On NDs-OH,
the features at 953 and 1025 cm−1 could be related to CO
vibration from oxidized surface groups.35 The large band at
around 1000−1200 cm−1 observed on all NDs has been
attributed to overlapping features from defects in the diamond
core, ether-like bonds, or hydroxyl groups.36−40 The feature at
1090 cm−1, particularly sharp on NDs-poly, could be related to
CO stretching in groups such as CH2OH.

41 The peak at
1260 cm−1, is most likely related to ether-like structure38,39 at
the surface of the NDs, which are removed after hydrogenation
treatment. The 1325 cm−1 band, observed on NDs-OH, NDs-
poly, and NDs-H has previously been attributed to CH
vibrations, coupled to nitrogen-defect in diamond.38 The small

peaks around 1440 cm−1 observed on oxidized NDs result from
OH bending modes from carboxylic groups.40 Csp3-H bending
modes are detected at 1460 cm−1 on NDs-poly and NDs-H.37

A broad band is observed at around 1589 cm−1 for NDs-H
sample. A similar feature reported for hydrogenated NDs16,21,31

was associated with CC vibrations from aromatic surface
reconstructions. However, the presence of organized aromatic
shells stable in air remains controversial and has not yet been
reported on detonation NDs.42−44 No clear sp2 carbon
contribution was detected at the carbon C 1s by X-ray
photoelectron spectroscopy on our samples (see SI). Even on
surface-graphitized NDs, the sp2 carbon signature disappears
after dispersion in water.45,46 Finally, CC modes detected by
Raman spectroscopy in the range 1560−1600 cm−1 on sp2-
hybridized carbon materials such as fullerenes and nanotubes
have shown not to be IR active in previous studies.47,48 We
therefore rather attribute this peak to OH bending from water
molecules adsorbed on NDs-H as discussed later.
Strong bands observed at 1757, 1771, and 1811 cm−1 for

NDs-OH, NDs-COOH, and NDs-HPHT, respectively, are
most likely associated with CO bonds. These CO bonds
are mainly caused by carboxylic groups vibrations in NDs-
COOH and NDs-HPHT and carbonyl groups resulting from
incomplete chemical reduction of NDs-OH.37,38,49 The higher
frequency observed for the NDs-HPHT could be due to
anhydride groups or to the larger size of the NDs crystals.37 A
sharper band observed at 1718 cm−1 in NDs-poly is also most
likely related to carbonyl or lactone groups.33,50,51 This feature
appears as a weak band for NDs-H.
Absorbance bands found in the spectra of all NDs in the

region of 2830−2980 cm−1 are related to CH stretching
vibrations.52 For the NDs-H and NDs-poly, broad features
around 2880 and 2930 cm−1 related to symmetric and
asymmetric CH stretching vibrations, respectively, are typical
of hydrogen-terminated groups on detonation NDs.38 These
bands are broadened by different contributions from CH, CH2,
and CH3 groups as discussed in SI. On NDs-COOH and NDs-

Figure 1. FTIR comparison of NDs having different surface chemistry under dry air flow. The main features impacted by water dispersion are
highlighted below the FTIR spectra. The spectra were shifted and normalized for clarity.
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HPHT, a different signature consisting of three distinctive
peaks at 2960, 2930, and 2860 cm−1 is observed, which might
originate from different H-terminated groups, though hydro-
carbon contamination cannot be ruled out.52

The bands in the 1500−1650 and 3200−3600 cm−1 regions
are associated with OH bending and stretching modes,
respectively. Carboxyl groups on NDs-HPHT and NDs-
COOH31,37 as well as hydroxyl groups on NDs-OH49,53 and
NDs-poly32 are certainly contributing to these bands, but they
cannot be reliably distinguished from strongly adsorbed water
molecules at room temperature. These bands will therefore be
discussed in the following section.
FTIR Characterization of Water Adsorption on Nano-

diamonds. The water adsorption on dry NDs surface was
characterized by sequentially exposing the NDs in the ATR
environmental cell to liquid water and humid air (Figure 2a).
The dry NDs (step 1) were exposed to liquid water for a few
minutes (step 2). However, the strong OH vibrations bands of
bulk water screen the contribution of the first hydration shells
interacting with the NDs and no significant difference between
liquid water on NDs and pure water was observed (see SI). Dry
air was flown over the NDs surface for a few minutes until most
of the contribution from bulk water is not detected anymore
(step 3). The OH bending regions of the resulting NDs having
a thin interfacial water layer are compared to NDs dried
overnight in Figure 2b.
The frequency of the OH bending vibration of water

molecules shifts depending on the water hydrogen bond-
ing.23,54,55 The OH bending mode of water monomer in the
vapor phase and not bonded to any other water molecules was
reported at 1589 cm−1.23,56 Prior to liquid water exposure, a
peak appears around this frequency on NDs-H and a shoulder
at 1590 cm−1 is also visible on NDs-poly. Non-hydrogen-

bonded water molecules are therefore observed on NDs-poly
and NDs-H after overnight drying, which could be related to
the presence of water molecules on hydrophobic groups, most
probably associated with hydrogenated surface groups. The OH
bending mode shifts to higher frequencies when HBs are
formed.23,55 A broad band at 1600 cm−1 is observed on NDs-
COOH while a small shoulder is detected at 1635 cm−1 on
NDs-HPHT and NDs-OH.
After partial drying of the samples exposed to liquid water

(step 3), the OH bending mode appears at 1635 cm−1 for all
the NDs expect NDs-H (Figure 2b). On NDs-poly, the
component at 1590 cm−1 is strengthened. On NDs-H, two
peaks at 1560 and 1645 cm−1 are measured. The OH bending
vibrations can vary in the range 1600−1650 cm−1 for small
water clusters having different HB networks55,57 and is detected
at 1635 cm−1 for liquid water (Figure 2c). The variations of OH
bending vibration in this range might be related to different
water cluster configurations remaining on the partially dried
NDs surface and it is therefore difficult to assign all the
vibration shifts to surface-dependent HB networks. The feature
around 1590 cm−1 can however safely be assigned to non-
hydrogen-bonded water.
It was found that exposure of the NDs to humid air (step 4)

induces a more progressive increase of the water OH
vibrational bands with humid air compared to liquid water
and can be followed by FTIR. Figure 2c shows the difference
spectra, obtained by subtracting the spectra of NDs exposed to
humid air for approximately 60 s (step 4) from the dry NDs
(step 3). These difference spectra have the advantage of only
presenting the IR contribution arising from adsorbed water
molecules and the related changes of NDs surface chemistry.
In the OH bending mode region, a significant increase of the

liquid water component at 1635 cm−1 demonstrates strong

Figure 2. (a) Sequence of FTIR measurements of NDs in the ATR environmental cell. Step 1: NDs are dried overnight and measured under dry air
flow. Step 2: NDs are exposed to liquid water. Step 3: NDs are exposed to dry air for a few minutes. Step 4: NDs are exposed to humid air. (b)
Comparison of FTIR spectra in the OH bending vibration region between NDs at step 1 (solid) and step 3 (dashed). (c) FTIR difference spectra
between steps 4 and 3. The spectrum of liquid water (blue) is shown for comparison. The spectra were normalized for clarity.
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adsorption of water molecules on the NDs. A clear separate
peak appears at 1545 and 1575 cm−1 for NDs-H and NDs-poly,
respectively. The shift to lower frequencies than reported for
water monomer (1589 cm−1) is quite surprising because HB
formation should shift the OH bending mode toward higher
frequencies. This behavior was reproduced on NDs-H prepared
from a different detonation material (see SI).
In the 1800 cm−1 region, a dip followed by a broad peak at

lower frequency is observed for NDs-HPHT, NDs-COOH, and
NDs-OH, caused by an ∼6−7 cm−1 shift of the CO bonds
peak to lower frequency. The shift is probably induced by
electrostatic interaction between CO and hydrogen from
water molecules resulting from the formation of HBs.37,58

The absorbance bands in the region of 2800−3000 cm−1 due
to the CH stretching bands decrease on NDs-H and NDs-poly
with exposure to humid air, as evidenced by the negative
contribution in the difference spectra. No changes are observed
for oxidized NDs. Frequency shift and change in absorbance of
the CH stretching bands can provide information on the
chemical environment of the CH bonds59 and the formation of
HBs.54,60,61 A careful investigation of the changes induced in
the CH stretching region by water adsorption reveals that the
frequency of the different CH stretching components remains
more or less constant with water exposure (see SI). This result
would suggest that no HBs are formed between water
molecules and CHx groups. However, the relative IR
absorbance increase could be related to polarization of the
CHx groups,

59 which might be affected by water adsorption.
Finally, water adsorption also promotes the increase of OH

stretching modes in the region 3000−3600 cm−1 which are
highly sensitive to water HB network.22,62 The broad band
consists of three main components peaking at 3250, 3400, and

3590 cm−1. The bands at 3250 and 3400 cm−1 are usually
related to water molecules in tetrahedral-bonded ice-like
organization and in HB-distorted liquid environment, respec-
tively.22,62,63 The band at 3590 cm−1 corresponds to poorly
connected water molecules as observed in water clusters.22 The
relative absorbance of the OH stretching bands is often
considered in order to estimate the overall water organization
changes.62−64 On NDs, the decrease of the bands at 3250 cm−1

compared to liquid water demonstrates a lower coordination of
water molecules than in pure liquid water. The absorbance of
the OH stretching bands depends though significantly on the
water coverage of the NDs, which might vary for the different
surface-terminated NDs in the ATR environmental cell. As a
result, the surface-dependent relative changes of the OH
stretching bands will rather be analyzed from Raman
measurements recorded in liquid dispersions at known
concentrations in the next section.
A small peak at 3695 cm−1, observed for NDs-H and NDs-

poly and already present in the dry NDs spectra, is associated
with vibrations of free- or non-hydrogen-bonded OH groups.21

This feature has previously been reported for water molecules
adsorbed on hydrophobic surfaces.65

Influence of Nanodiamonds Dispersion on Water
Raman OH Stretching Bands. While the OH stretching
bands for NDs in liquid water (step 2) looked similar in FTIR
spectra (see SI), significant differences between the various
NDs samples were observed in aqueous dispersions by Raman
spectroscopy as shown in Figure 3.
The high-frequency component of the stretching band (with

a maximum I2) is caused by vibrations of the OH groups with
weak HBs, and the low-frequency component (with a
maximum I1), by vibrations of OH groups with strong

Figure 3. (a) Illustration of calculation of the position of mass center (νmc) and parameter χ21 of water Raman OH stretching bands. (b) Raman OH
stretching bands of aqueous dispersions of NDs. The spectra were normalized to the maximum I2 of the stretching bands. Dependence of νmc (c) and
χ21 (d) in NDs aqueous dispersions with respect to the NDs concentration.
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HBs.66−68 These features are similar to the OH stretching
bands in the 3000−3800 cm−1 region previously discussed in
FTIR characterization. The parameter χ21, defined as the ratio
I2/I1 (see Figure 3a), characterizes the share of weakly bonded
OH groups in the solution in relation to the strongly bonded
OH groups. An increase of the χ21 value therefore indicates a
weakening of HBs in the NDs dispersion. Analogously, one can
explain a change in position of the mass center of the band
(νmc, Figure 3a). When HBs are weakened, the frequency of
stretching vibrations of hydrogen groups increases, shifting the
mass center toward high frequencies.
The evolution of parameters νmc and χ21 for all NDs

dispersions at various concentrations is plotted in Figure 3,
panels c and d, respectively. From the results, one can see that
for all NDs studied, values of the two parameters, namely the
position of mass center and the ratio χ21 of water Raman OH
stretching band, are both larger in comparison to pure water.
These parameters increase with the NDs concentration until a
critical value (around 0.9 mg/mL for NDs-H and 4.5 mg/mL
for other NDs) is reached. Above this critical concentration, the
decrease of these parameters might result from NDs
aggregation, reducing the surface area that is exposed to
solvent molecules. However, within the range of NDs
concentration used, values of these parameters are found to
increase to different extents depending on the ND surface
chemistry. From the dependencies of νmc and χ21 on the NDs
concentration, the following ordering, going from the highest to
lowest HBs weakener, can be obtained

‐ > > ‐ ≥ ‐ > ‐

> ‐

NDs H NDs COOH NDs poly NDs HPHT

NDs OH

The difference between NDs-COOH and NDs-OH was
reported to be due to a weaker HB strength between CO
groups and water molecules as compared to hydroxylated
surfaces.5 The difference between NDs-COOH and NDs-
HPHT could be attributed to a larger surface area of the
detonation NDs-COOH, inducing higher distortion of the
water structure.
The impact of NDs-H on water HB network is much more

significant than for the other NDs. Compared to other NDs
termination, similar modification of the OH stretching bands
for NDs-H occurs at 1 order of magnitude lower concentration.
Above a concentration of 0.5 g/L, the shift toward higher
frequencies of the Raman water OH stretching band in the
NDs-H dispersion is larger than in other dispersions at 5 g/L.
This means that the HB network around NDs-H is much
weaker than HBs formed in pure water or between water
molecules and the surface groups of the other NDs. This is also
seen by the relative increase of the component at 3600 cm−1,
associated with water molecules coordinated in a weak HB
network (Figure 3b). This behavior is as expected from the
hydrophobic nature of the H-terminated diamond surface. The
difference to pure water cannot be explained solely by the water
molecules in the first hydration shells of the NDs-H surface. It
is more likely that NDs-H perturb the water HB network over
several tens of nanometers, which differs from other NDs
dispersions at the same concentration and size.
It is somewhat surprising that NDs-poly do not behave more

similarly to NDs-H, considering their FTIR signatures were
close. On the NDs-poly surface, hydroxyl groups are also
present and are able to form strong HBs with water molecules.
The HB network is nevertheless weakened when compared to

purely hydroxylated NDs due to the CHx groups behaving as
hydrophobic sites that locally disturb the water HB network.

Influence of Nanodiamonds Dispersion on Water
Oxygen K Edge X-ray Absorption. XA spectroscopy
measured in transmission mode at the oxygen K edge is
sensitive to HB network of aqueous solutions.27−29 Water XA
spectra show a pre-edge around 535 eV, a main edge at 538 eV,
and a postedge around 540 eV. The first two peaks are usually
interpreted as features associated with distorted HBs while the
postedge is related to long-range ordered HBs networks such as
found in tetrahedral ice.28,69,70

The XA spectra recorded for the different NDs dispersions
are compared in Figure 4. NDs-COOH, NDs-HPHT, and

NDs-OH have very similar absorption at the main-edge, slightly
higher than bulk water. On the other hand, XA spectra of
NDs-H and NDs-poly exhibit a prominent increase of the XA
in particular at the main- and post-edges. Note that the increase
is significantly larger for NDs-H because its concentration is
only 0.5 wt % as compared to 1 wt % used for the other NDs in
Figure 4a. Surprisingly, the pre-edge feature does not increase
as much as the main- and post-edges for NDs-H as deduced
from the pre/main-edge ratio plotted in Figure 4b.
The higher absorption at the oxygen K edge, except in the

pre-edge region, was proposed to be the signature of a long-
range change of water organization around NDs.20 The increase
of the main- and post-edge is indeed extremely large compared
to ionic species at higher concentration.27 These changes
cannot only be associated with hydrophobic hydration because
previous XA measurements on hydrophobic solutes induced
only small changes of the water structure.29,71,72 The water
reorganization around NDs-H thus affects more than the first
hydration shell, which is also deduced from Raman results. The

Figure 4. (a) XA spectra of the oxygen K edge of NDs aqueous
dispersions at 1 wt % (except NDs-H at 0.5 wt %). The spectra were
normalized to before (533 eV) and after (545 eV) the main features.
(b) Calculation of pre/main-edge ratio of oxygen K edge XA spectra
for NDs dispersions.
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reordered water molecules have most likely both hydrogen
involved in HBs, so-called double HB donor (DD)
configurations, which was found not to contribute to the pre-
edge region.73 The intensity increase might be due to a higher
water density, as evidenced on amorphous ices.74 The strength
of the HBs however remains weak when compared to
tetrahedral ice, having an enhanced XA postedge due to
delocalization of the unoccupied electronic states over the ice
phase.74,75 The relatively smaller change of XA spectra for NDs-
poly is most probably explained by a lower concentration of
CHx groups on their surface, which are therefore associated
with the water long-range disruption.
Charge Accumulation at the Hydrogenated Dia-

mond−Water Interface. Distinctive observations from
FTIR and XA characterizations were noted for NDs-poly and
NDs-H samples, both having surface hydrogenated groups. In
particular, OH bending mode is detected at a frequency below
the bending vibrational mode reported for water monomer at
1589 cm−1 by FTIR.23,56 This shift to lower energies cannot be
related to hydrogen bonding with water molecules as that
would shift the frequency of OH bending vibration to the other
direction.23,55 Similar downshift of the OH bending modes was
previously reported on water clusters having an excess
electron.76−78 Hammer et al. demonstrated that an extra
electron bonded to a water molecule with the two hydrogen
not involved in hydrogen bonds, so-called double HB acceptor
(AA) configuration, shifts the OH bending mode down to
1540 cm−1.76 The strong redshift of the bending mode
frequency was explained by a charge transfer of the excess
electron to the σ*OH antibonding orbital of the water molecule,
stabilizing the extra electron.77 It is therefore possible that in
our case, the peaks at 1560 cm−1 after liquid water exposure on
NDs-H and at respectively 1545 and 1575 cm−1 for NDs-H and
NDs-poly after humid air exposure, result from the redshift of
OH bending modes induced by charge accumulation at the
diamond−water interface. Because of a negative electron
affinity, hydrogen-terminated diamond can transfer electrons
to neighboring molecules. This phenomenon, called surface
transfer doping, has been reported on hydrogen-terminated
diamonds79,80 and NDs.15 In water, a similar process has been
proposed with an oxygen electrochemical redox couple.10 The
hydrophobic character of the H-terminated diamond induces
the formation of a hydrophobic gap at the diamond−water
interface that enables charge accumulation.9,11 We expect that
accumulation of electrons in the hydrophobic gap at the
diamond−water interface would be responsible for the large
downshift of the OH bending mode of water molecules around
NDs-H. The extra electrons are stabilized by the dangling
hydrogen from water molecules that cannot form HBs with the
hydrophobic hydrogenated groups. NDs-H prepared in a
hydrogen plasma are expected to have a higher surface
coverage of CHx groups than NDs-poly. As a result, the
redshift of bending modes is larger for NDs-H than NDs-poly
due to a stronger electron accumulation. Competing inter-
actions with hydroxyl groups might also play a role on NDs-
poly.
Electrostatic interactions between excess electrons at the

water interface and CHx groups from the diamond surface
would be expected. Although no significant frequency shift is
observed for the CH stretching region on IR spectra, the
relative IR absorbance was proposed as an alternative tool
highly sensitive to the charge distribution.59 In particular, the
presence of an excess electron close to the positively charged

NDs surface would induce strong polarization of the CH
bonds. This polarization is expected to decrease the absorbance
of CH stretching bands.59 In our study, the decrease of the CH
stretching band is particularly strong for CH and CH3 groups,
which might be more strongly involved in the stabilization of
extra electrons at the diamond-water interface.
Excess electrons at the diamond−water interface would also

impact the electronic signature of water molecules in the first
hydration shell of NDs-H. The charge transfer of the excess
electron to the σ*OH antibonding orbital of the AA water
molecules suggested by IR data would indeed affect the oxygen
K edge XA signature.77 This orbital is expected to contribute to
the pre-edge69 of oxygen K edge water XA spectra, therefore
the filling of this orbital would lead to a decrease of the X-ray
absorbance in this region. The decrease of the pre-edge
observed in Figure 4 is therefore in agreement with the
accumulation of excess electrons in the interfacial water layers.
Note that water molecules in the first hydration shell of NDs-H
would represent only a small contribution of the overall XA
spectrum due to the low concentration of NDs-H and the XA
spectral changes are mostly resulting from water long-range
disruption. The proposed hydration structure around NDs-H in
aqueous dispersion is summarized in Figure 5.

Positive charges at the NDs-H surface resulting from the
charge transfer are most probably responsible of the positive
ζ-potential of NDs-H. It should be noted that charge transfer is
not the only origin of positive ζ-potential on NDs because
NDs-OH also have positive ζ-potential with a very different
hydration structure. In this case, the formation of COH2

+ in
water might be responsible of the positive ζ-potential,81

although the stability of such group at neutral pH remains
questionable. NDs with the same ζ-potential may have very
different impact on the water hydrogen bond network and
characterization of hydrophilic/hydrophobic sites appears to be
a better approach to estimate the hydration structure of NDs.
Hydrophilic and hydrophobic sites can be observed on the

same NDs such as NDs-poly due to the presence of hydroxyl
and hydrogenated groups. For Raman spectroscopy, the
hydrophobic sites on NDs-poly are screened by the hydrophilic
ones. On the other hand, XA spectroscopy is more impacted by
AA water molecules close to hydrophobic sites due to e− →
σ*OH charge transfer. As a result, water interfacial layer on
NDs-poly exhibits different XA and Raman signature due to the
presence of both hydrophilic and hydrophobic surface sites.

Figure 5. Schematic view of proposed hydrogen bonding between
water and positively charged hydrogenated ND surface. Water
molecules in double HB acceptor (AA) and donor (DD)
configurations are highlighted. The weak HBs are marked with dotted
lines.
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The positive ζ-potential of NDs-poly could originate from both
the hydrogenated and the hydroxylated groups.

■ CONCLUSION
In this work, we characterized the HB network of water
molecules in aqueous dispersions of NDs with different surface
chemistries using FTIR, Raman, and XA spectroscopies. Water
HB network was found to be different in aqueous dispersions of
NDs-H compared to dispersions of NDs terminated with other
surface groups. CHx groups do not form HBs with water
molecules due to their hydrophobic character. However, a long-
range disruption of the water HB network is associated with
hydrogenated surface groups, as concluded from Raman and
XA spectroscopies, which could be the consequence of an
electron accumulation at the hydrogenated diamond−water
interface. The excess electrons are likely to be stabilized by
water molecules in the first hydration shell of NDs-H, which is
evidenced by a shift to lower frequency of the OH bending
mode on FTIR and a decrease of the pre-edge of oxygen K
edge XA spectra partially due to e− → σ*OH charge transfer.
Hydrogenated groups induce a long-range disordering of water
molecules around NDs-H and HBs between these water
molecules are weaker than those found in bulk water, as
observed by the strong change of OH stretching bands in
Raman spectra and of the oxygen K edge X-ray absorption of
NDs-H dispersions.
The unusual hydration of NDs-H could explain their

relatively good colloidal dispersion capability compared to
other hydrophobic nanomaterials. Electron accumulation in the
NDs-H hydration shell would most probably be related to
unique properties of H-terminated diamond in water such as
the ability to generate solvated electrons with high reducing
ability82 or to enhance the generation of reactive oxygen species
in radioresistant cancer cells.83 The modification of water HB
network around NDs-H should be considered for further
studies on the catalytic and chemical reactivity of NDs-H in
aqueous media.
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