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Abstract

CrossMark

A systematic spectroscopic characterization of highly homogeneous water suspensions of
‘buckydiamonds’ comprising sp> cubic nanodiamond (ND) core covered with disordered sp”

shell densely decorated with oxygen-containing groups demonstrates the excitation-wavelength-
dependent photoluminescence (PL) given by at least four types of specific structures on the ND
surface (hydroxyl, C=O containing ketones, carboxylic anhydrides, and carboxyl groups). PL
properties of NDs suspensions possess concentration-dependent behavior revealing tendency of
NDs to agglomerate. PL. of NDs has been found to be strongly sensitive to pH of the

environment in wide range of pH values, i.e. 2-11. We disclosed the mechanisms of

pH sensitivity of the ‘buckydiamond’ and proved that it can serve as all-optical sensor of tiny
pH variations suitable for further exploitation for pH sensing locally in the area where NDs have

been delivered for any purpose, e.g. bioimaging or therapeutic needs.

Supplementary material for this article is available online

Keywords: nanodiamonds, photoluminescence, oxygen-containing groups, surface chemistry,

pH sensing

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanodiamonds (NDs) have a promising sensing potential. It
may rely on point-like defects of the diamond lattice due to
implanted ‘guest’ atoms (e.g. N, Si, etc) [1], or intrinsic
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defects (e.g. lattice vacancies) [2, 3] originating from ND
synthesis [4, 5] and/or post-synthesis treatment [6-8]. These
defects form so-called color centers, which possess a strong
temperature-dependent (SiV [9], GeV [10] color centers) and
spin-dependent (NV color centers) photoluminescence (PL)
[11], show no blinking [12] or photobleaching [13], demon-
strate sensitivity to free radical formation in living cells
[14-16] and chemical reactions at ambient conditions [17] or
changes in pH environment [18]. In combination with NDs
chemical inertness inherited from bulk diamond, all men-
tioned functionalities make NDs attractive for bio-medical
applications. However in order to penetrate the cell membrane

© 2023 The Author(s). Published by IOP Publishing Ltd
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[19], and to be employed in high resolution microscopy at a
single molecule level [20] the ND size should be less than
10 nm.

Size, quality and functional properties of NDs strongly
depend on the method of their synthesis. At present, most of
commercial NDs are fabricated at (i) high pressure and high
temperature (HPHT) conditions, (ii) via detonation, or (iii)
pulsed laser ablation (PLA) processes [21].

The HPHT, which is based on the grinding of micron-
sized HPHT diamonds, gives high-quality NDs having of
>10 nm size [22]. Both other methods allow obtaining con-
siderably smaller particles, however, the detonation nano-
diamonds (DNDs) synthesis can be hardly controlled, has a
low yield [23, 24], and requires purification of DNDs from
metallic impurities [25], their de-agglomeration and fractio-
nation [26, 27]. In contrast, the PLA is environmentally
friendly, non-hazardous [28] and enables the control of the
size, morphology, and shape of the NDs, which are metal-free
[29]. The latter is especially essential for biomedical appli-
cations because metal impurities make chemically inert NDs
deadly toxic because Fe impurities induce the production of
highly cytotoxic hydroxyl radicals (HO) in the Fenton reac-
tion of H,O, with Fe*" [30] leading to oxidative stress and
damage of biomolecules involved in redox cycling in cells
[31]. Moreover, both HPHT NDs and DNDs exhibit mainly
hydrophobic properties and collapse into lumps in polar sol-
vents, such as water or saline. Post-synthesis functionalization
is needed to overcome the agglomeration processes.

In PLA NDs, the formation of sp® shell around the sp’
core occurs as the temperature and pressure inside the abla-
tion plume decrease below those required for the sp> phase
formation [32]. PLA synthesis of NDs in the liquid phase
supports the appearance of additional functional groups on the
ND surface, simplifying the ND solvation and stabilizing the
suspension. Moreover, the presence of surface functional
groups is essential for further surface modification, functio-
nalization, or conjugation needed for specific biomedical
tasks [33]. At the same time, variety of oxygen-containing
groups on the ND surface may substantially complicate the
interpretation of spectroscopic data.

In this paper we demonstrate how the diverse assortment
of functional groups on the ND surface can be employed for
all-optical pH sensing by exploring sensitivity of the oxygen-
containing surface groups photoluminescence to the
pH variations. In contrast to the existing complex approaches
based on the spin relaxation of NV~ color centers in con-
jugates of NDs with pH-cleavable linkers [34], the proposed
technique is much simpler and can be easily transferred to
biomedicine and employed both at a single-cell level in vitro
or at an organism level in vivo.

2. Materials and methods

NDs (RayND-M-W2) produced by Light Hydro-Dynamic
Pulse (LHDP) technology [35], a PLA technique that employs
hydrocarbon composite and light pulses at 1064 nm wave-
length from the Nd:YAG laser, were kindly provided by Ray

Techniques Ltd (Israel). To form stable NDs suspension in
water the stabilizing surfactant TDW (Ray Techniques Ltd,
Israel) was used by the manufacturer. According to product
description, the average ND size is 4—4.5 nm.

Transmission electron microscopy (TEM) was performed
using a TitanG2 60-300 electron microscope (FEI Co., The
Netherlands).

Atomic Force Microscopy (AFM) imaging was carried
out in a tapping mode on a Dimension Icon scanning probe
microscope system (Bruker, Santa Barbara, CA, USA) at
room temperature (20 + 0.5 °C) using silicon AFM probes
FESPA-V2 (Bruker, Santa Barbara, CA, USA).

Fourier transform infrared (FTIR) spectra were recorded
using an ALPHA spectrometer (Bruker, INC., Bremen, Ger-
many), equipped with a DLATGS detector, operated at room
temperature. The samples were measured in attenuated total
reflectance (ATR) mode. Spectra were averaged from 100
scans; spectral resolution was set at 4 cm ™' in the range from
400 to 4000 cm ™!, with air used as a reference. 10 ]l of NDs
suspension or 40 ul of TDW were dropped onto a diamond
crystal. Measurements were performed from dry residue after
full evaporation of water.

Raman spectra of NDs were obtained using the Raman
Flex spectrometer (Perkin Elmer, UK). Measurements were
performed for ND water suspension (wt 2%), NDs on a
polished Si wafer dried in the air atmosphere at room temp-
erature or after annealing at 450 °C in the air atmosphere for
8 h. Spectra were collected from at least three different points
on each sample and then averaged. Raman signal accumula-
tion time was 10 s per 10 cycles. A 785 nm diode laser of
9.0 W power was used as an excitation source.

Surface enhanced Raman spectroscopy (SERS) of the
ND suspensions was done using black silicon (bSi) covered
with gold as a SERS-active substrate. bSi represents a highly
developed rough surface with micron-sized silicon cones,
which, being coated with gold (bSi-Au), serve as ‘hot-spots’
for SERS, making the bSi-Au substrate SERS-active [36].
Recently, bSi-Au was successfully applied for characteriza-
tion of graphene quantum dots (GQDs) [37].

Ultraviolet—visible (UV-vis) absorbance spectra of ND
water suspensions were measured in a 1 cm pathlength quartz
cuvette using UV-vis spectrophotometer JASCO V-670
(Jasco, USA).

The PL spectra and PL characteristic lifetimes were
measured using time-correlated single-photon-counting
fluorescence spectrometer FOO0 (Edinburgh Instruments Ltd,
UK). Semiconductor diode lasers EPL-470 (Edinburgh
Instruments, Ltd, UK) with pulse duration 71.7 ps, wave-
length 472.8 nm, repetition rate of 5 MHz, pulse energy
49 W and EPL-375 (Edinburgh Instruments, Ltd, UK) with
pulse duration 57.3 ps, wavelength 371.0 nm, repetition rate
of 5 MHz, pulse energy 140 ©W were used as excitation
sources. The signal accumulation time was 2 s.

Measurements were performed at room temperature in
1 cm quartz cuvettes. In order to obtain the characteristic
lifetimes of the PL, time decay curves were fitted using
Edinburgh advanced lifetime analysis software with the
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Figure 1. AFM images of NDs spin-coated on the polished Si wafer:
(A)—height distribution, (B)—height sectioning along the white line
in (A). The Scan area is 10 x 10 pm. Inset in (A) gives a 3D
reconstruction of the ND with an artifact ‘ring’ around the particle
caused by a polymer matrix around the particle.

following function (1):
Fit=A+B-en +B-e 5, )

where characteristic lifetimes 7, and 7, are the PL decay fast
and slow components, A and B, , are background signal and
pre-exponential factors, respectively.

The measurement of the dependence of PL spectra on the
excitation wavelength (photoluminescence excitation (PLE)
mapping) for two ND concentrations (0.01% and 0.04%) and
the same TDW concentrations have been carried out on a
Fluorescence Spectrometer FL8500 (Perkin Elmer Inc.,
USA). The continuous xenon arc lamp was used as an exci-
tation source. Excitation wavelengths were varied from 210 to
546 nm with 4 nm step. Emission wavelengths were ranged
from 320 to 720 nm with 0.1 nm step. The excitation and
emission slit widths were 5 nm. Scan speed was 240 nm per
minute. A long pass emission filter 320 nm was used. Pho-
tomultiplier voltage was adjusted to 550 V.

Direct measurements of the pH phosphate buffer solu-
tions (PBS) were performed using pH-meter FiveEasy FE20
with Electrode LLE438 (Mettler Toledo, Switzerland). The
pH values of PBS varied from 2.14 to 10.56 by addition of
HCI or NaOH.

3. Result and discussion

3.1. Structural characterization of NDs

Structural characterization of the ND suspensions was per-
formed by means of TEM, AFM, ATR-FTIR and Raman
(SERS) spectroscopies.

The TEM micrographs of NDs are presented in figure S1
(supplementary material). Although the detection of the dia-
mond structure was significantly complicated by a huge
graphitic-polymer coat (the origin and content of the coat will
be enclosed and discussed in further section), {111} planes of
the diamond structure (d;; ~ 0.210 nm) are recognizable and
confirmed by the gray-level profiling (see figure S1(B), sup-
plementary material).

AFM measurements allowed revealing the characteristic
dimensions of the NDs in suspensions (see figure 1). The
average height of single NDs equals to 6.61 nm, however

some agglomerates of height around 15 nm are present. The
appearance of some artefact ‘ring’ around the single particle
(see the inset in figure 1(A)) and excess of the diameter of the
registered particles over their height are due to stabilizing
surfactant TDW (for statistical data and more details see in
supplementary material, section 2).

In order to characterize the ND shell and functional
groups, which were formed on the ND surface after stabi-
lizing the suspension, the FTIR spectra were recorded (figure
S2). In the high frequency region, we observe bands at
3246 cm™ ! and 3081 cm™!, which are assigned to v(O-H)
and v(N-H) vibrations, respectively [38], and bands around
2946 and 2884 cm ™! belonging to symmetric and asymmetric
V(CH,) vibrations, respectively. The latter bands are often
associated with the edges in graphitic material. The most
intense band centered at 1658 cm ' originates from the
overlapping of v(C=C) vibration in the sp” graphitic mate-
rials and 6(O-H) [39, 40].

The other band that belongs to graphene-like materials is
located near 1430 cm ™' and assigned to §(C—H) sp® hybri-
dized carbon [39, 41]. Low intensity band at 1772 cm !
belongs to non-conjugated ketone [41]. The bands at 1380
and 1280 cm ' are assigned to v¥(C—O-C) in carboxylic
anhydrides, the band at 1116 cm ' and a shoulder at
1260 cm ™' indicate the presence of epoxy groups [39, 42].

In addition, FTIR spectrum of solvent TDW, used for
stabilizing ND water suspension, was registered. After water
evaporation, the thin film of dried solvent was formed on the
ATR crystal. The broad band centered at 3326 cm ' is
assigned to v(O-H), v(N-H) and v(C-H) vibrations, asso-
ciated with polymeric material [43]. Non-intensive bands at
2800-3000 cm ' belong to v(CH,) and v(CHj3) vibrations
and are typical to hydrocarbon chain. As these bands are non-
intensive, the hydrocarbon chains are non-dominant in the
material. The band around 2340 cm ' belongs to CO,
adsorbed from the atmosphere [43]. The band at 1648 cm !
was assigned to ¥(C=0) in amide I, and §(O-H) of not
evaporated water [40, 44, 45]. The most intensive bands near
1415 cm ™' with the shoulder at 1450 cm ™' were assigned to 6
(C-H) and v(C-N) vibrations, respectively [46]. The epoxy
groups are also present in the solvent spectrum at 1116 cm ™
The sharp band at 873 cm ™' is assigned to v(C-H) [43].

The sp® and sp” carbon allotropes in the samples were
analyzed using Raman spectroscopy. The low concentration
of NDs (wt 2%) in the suspension, presence of TDW and
strong fluorescent signal from the oxygen-containing groups
decorating the ND surface complicates analysis of the Raman
spectrum of the suspension (see figure 2(A), spectrum 1).

In order to reveal Raman signal associated with carbon
materials, TDW residues were removed by annealing of the
NDs layer on Si wafer at 450 °C for 8 h in air atmosphere.
Such annealing does not affect the ND itself because diamond
degradation occurs at temperatures higher than 500 °C [47].
Annealing in the presence of oxygen may cause some etching
of sp® phases as well as surface functional groups, leading to
the disappearance of a strong fluorescent background. How-
ever, there are two characteristic peaks in the Raman spec-
trum of annealed NDs (see figure 2(A), spectrum 2). They are



Nanotechnology 34 (2023) 195702

Y Padrez et al

A R
150k
<
=3
£
5,
Z100k """
w
c
[
=
50k |- 4 D G
1 " 1 " 1

(B)

1324 cm-1

1275 1350

Raman shift (cm™)

1425

(C)

1200 1600
Raman shift (cm™)

1350
Raman shift (cm™)

2000 900

Figure 2. (A) Raman spectra of NDs water suspension (1), annealed NDs layer on Si wafer (2), annealed NDs on bSi-Au (3), and non-

1

annealed NDs layer on Si wafer (4). (B) Dashed rectangle in figure (A); (C) Gauss approximation of 800-1900 cm™ ', with maxima positions
centered at: 1-992 cm ™' (2nd order Raman band of Si, from the bSi-Au substrate), 2-1176 cm ™! (C-0, from defects on sp2-disordered shells
[56)), 3-1352 cm™" (disordered or amorphous phases, D-band), 4~1515 cm™' (iTO phonon near 1 /4 TK, appears in SERS spectrum [56])
5-1590 cm ™' (G-band of graphitic carbon), 6-1720 cm ™' (C=0). All spectra were obtained in the same conditions. A 785 nm laser diode

was used as an excitation source.

assigned to (i) disordered or amorphous phases (D band,
centered at 1352 cm™') and (ii) defective sp® graphite-like
structures (the E,, symmetry allowed G-band, centered at
1590 cm™'). The absence of the first-order diamond band
normally located at 1330 cm ™' is more likely explained by
small size of the NDs, namely high relative fraction of sp?
phase comparing to sp’ one [48]. Nevertheless, the impact of
the first-order diamond band in the total spectrum may be
negligible, as the Raman scattering cross section of
sp>-disordered shells is much higher than that of sp® cubic
lattice [49].

The SERS spectrum of the annealed NDs is shown in
figure 2(A), spectrum 3. In contrast to the Raman spectrum of
annealed NDs (figure 2(A), spectrum 2), in the SERS spec-
trum, the first-order diamond Raman band is present being
shifted from 1330 to 1324 cm ™! (figure 2(B)) as was pre-
viously observed for SERS spectra of NDs [50] and thin
ultradispersed diamond layers [51]. Such a ‘red’ shift of the
diamond Raman band is due to the phonon confinement effect
[52]. It is worth noting that application of bSi-Au SERS-
substrate allowed to reveal the presence of C=O groups
centered at 1720 cm ™! (see figure 2(C)) [53]. The spectra of
NDs obtained by laser ablation process are consistent with the
experimental results for detonation NDs [54], indicating their
similarity to onion-like shells with diamond cores known as
‘buckydiamonds’ [55] (the model is presented in figure S3).

The average distance between the defects, which repre-
sents the size of the sp”> domains, was calculated according to
the formula [57]:

Lp = \/5.4 1072, EA(j—D) , (2)

G

where E) is the excitation laser energy in eV, Ip is the D-band
intensity, and I; is the G-band intensity. According to the
performed estimations, Lp = 0.62 nm. It indicates the small
size of carbon flakes and a large number of defects associated
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Figure 3. The absorption spectra of water suspensions of different
concentrations of NDs. Inset—enlarged area which corresponds to
low concentrations of NDs.

with oxygen groups. Proposed structure of disordered
sp>-domains of graphene-like shells on sp’-phase are pre-
sented in figure S3 (supplementary material).

The results of full characterization of NDs structure are

collected in table S2 (supplementary material), related dis-
cussion see in supplementary materials.

3.2. Spectroscopic characterization of NDs

The UV-vis absorption spectra of suspensions having NDs
concentrations from 0.00125% to 0.04% show two prominent
maxima (see figure 3). The first absorption peak, which is
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centered at 276 nm (4.5 eV), is lower than the bandgap of the
impurity-free crystalline diamond at 5.5 eV [58]. It is related
to the 7—7" transition in sp>-hybridized carbon atoms in
clusters surrounding sp’-phase [59]. The second broad, but
less pronounced band centered at 390 nm (approx. 3.0-4.0
eV) is associated with the presence of oxygen-containing
functional groups (C=0/COOH/C-0O-C) on the graphitic
shell covering ND surface [60]. Intermediate non-bonding (n)
states in oxygen-containing groups uprise within the 7—m"
energy gap and are responsible for the n—7™ electronic
transition in absorbance spectra [61].

At high (0.005%—0.04%) NDs concentrations, the
wavelength dependence of the absorbance of the suspension
is well described by A\~ law indicating that Rayleigh scat-
tering dominates [62-64]. At lower concentrations, the
absorption of light by the sp® conducting layer on the surface
of NDs prevails leading to the A\~> absorbance at longer
wavelength [65].

To reveal the origin of NDs PL, we studied the PL
spectra in wide ranges of the excitation (210-546 nm, 4 nm
step) and emission (320-720 nm) wavelengths. The obtained
results are presented as 2D PLE false color maps in figure 4.
One can observe from figure 4(A) (2D PLE map and the right
panel with PLE spectra) that there are three pronounced
(4.96 eV, 3.80 eV and 3.46 eV) and two weak (2.97 eV and
2.68 eV) absorption peaks. The latter peaks become observable
at the high concentrations of NDs (0.04% wt) (figure 4(B).

Comparison of the shape and position of the first PLE
peak (4.96 eV) and the first maximum in UV-vis absorption
spectra (4.50 eV, see figure 3) reveals that in the range
250-290 nm, Rayleigh scattering dominates. The interband
transition at 4.96 eV is not resolved in the UV—vis absorbance
spectrum since scattering cross-section in the UV range sig-
nificantly exceeds the absorption one of the sp phase. In the
PLE spectra the peak at 4.96 eV can be observed because the
PL photon energy is lower than excitation one, i.e. the Ray-
leigh background can be filtered out.

Electronic transitions with energies around 4.96 eV led to
further radiative transitions in wide spectral range (320-670
nm) with comparable efficiencies for both analyzed NDs
concentrations (figures 4(A) and (B)), with a red shift of the
absorptive transition to 4.80 eV at increase of the NDs con-
tent. These optical transitions more likely occur from the
bottom of the valence band to the conduction band in so-
called Pandey chains (conjugated alkadienes). These chains
are dimer chains on the facets of a diamond core [60] and
edges of the sp>-carbon clusters in the shell shown in figure
S4 (Supplementary Material). Due to high defectiveness of
the shell and the resemblance of this sp>~clusters to graphene
oxide quantum dots (GOQDs), transition at 4.96 eV, which is
higher in energy than 7—7" transition (4.50 eV) observed in
UV-vis absorbance spectra, may also arise from n—c™ trans-
ition in sp’-domaines associated with hydroxyls or ethers, as
reported in [61]. At higher concentrations of NDs the PL
intensity with excitation at energies around 4.96 eV preserves
its magnitude indicating that this PL originates from the sp’
diamond core of NDs. It is so because some of the NDs (and
their sp> core) appear to be screened from the excitation light
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Figure 4. PLE-maps and image profiles of (A) 0.01% and (B) 0.04%
ND water suspensions. Upper panels correspond to PL spectra taken
at excitation in the range 230-470 nm with 30 nm step; right panels
correspond to PLE spectra measured at emissions from 400 to 610
nm with 30 nm shift. Maxima in PLE spectra are marked with ticks,
positions are represented in eV.

due to agglomeration of the core—shell NDs particles and light
does not reach the inner NDs and their sp® cores. Very similar
behavior was observed, e.g. for semiconducting quantum dots
in [66].

Other bands in PLE mapping are in good correspondence
with the observed broad band in the absorption spectrum (see
figure 3) around 390 nm. They originate from sp>-clusters on
the ND shell decorated with edge oxygen-containing groups
and are in agreement with the results for GOQDs reported in
[61]. The long wavelength peaks at 3.80 eV, 3.46 eV and 2.97
eV are more likely arising from n—7" transition in oxygen-
containing groups in sp> clusters of the ND shell.

PLE strongly depends on the NDs concentration. It
manifests itself in significant increase in the PL intensity
under excitation in the range of 300500 nm. Maxima in PLE
spectra undergo a blue shift from 3.80 eV to 3.90 eV and a
red shift from 3.46 to 3.35 eV. The peak at 2.97 eV is not
shifted, but PL intensity also increases, and new peak at 2.68
eV appears. Blue or red shifts in the PL spectra indicate that
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some physical properties of the system have changed, leading
to the change in the interband transitions. When the ND
concentration increases, this change may indicate either the
formation of ND agglomerates or manifestation of the so-
called inner filter effect. The latter occurs in highly con-
centrated solutions when the excitation beam is attenuated by
the sample so that only the sample surface layer facing the
incident beam fluoresces. This phenomenon has been
observed in e.g. aqueous dispersion of semiconductor
quantum dots [67]. We suggest that in the UV excitation, the
blueshift (hypsochromic shift) is due to NDs agglomeration,
which shields sp® phase from the polar solvent (water). It
reduces the effect of dipolar relaxation in the inner part of the
ND agglomerate [68]. Contrary, in the NIR-versus wave-
length region, the redshift (or bathochromic shift) at high ND
concentrations is due to the inner filter effect [67], i.e. effi-
cient fluorescence only by the surface facing the radiation
because the excitation light is unable to penetrate the bulk of
the sample. It is worth noting that dipolar relaxation may also
contribute to the observed concentration dependence of the
spectra as sp> carbon nanosheets passivated with oxygen-
containing groups act as dipoles interacting on the outer layer
of the core—shell NDs agglomerates. In particular, sp*-shells
on the top of NDs is very similar to those of the Prodan dye,
which shows significant PL redshift when dispersed in more
polar solvent [68].

The PL peak around 2.68 eV may have excitonic nature
and originate from the graphene-like islands strongly passi-
vated with oxygen-containing groups. This hypothesis is
supported by the PLE mapping of GQDs accompanied by
density functional theory simulations in [69]. It has been
demonstrated that excitation-dependent PL in NIR arises from
various sizes of sp”> carbon cluster states, and excitonic
properties are caused by the quantum confinement. Moreover,
these states are strongly dependent on the surrounding media
such as H" concentration around the oxygen-containing
functional groups. Increase of the intensity of long wave-
length PL at higher concentrations of NDs (compare
figures 4(A) and (B)) has more likely the same nature and is
induced by the interaction between neighboring particles
causing changes in sp” carbon cluster excitonic states.

To sum up, PLE maxima at 4.96 eV arises from sp3 core,
while other transitions are consequences of the presence of
highly defective shell. PLE mapping of TDW solution
demonstrates no influence on the spectroscopic characteristics
of NDs suspensions (see figure S4, supplementary material).

One can observe from figures 4(A) and (B) (upper
panels) that NDs suspensions exhibit excitation-wavelength-
dependent PL. PL spectra fitting with multiple Gaussian
profiles reveals the presence of several independent PL cen-
ters in NDs, which we will name further as ‘UV’, ‘Blue’,
‘Green’ and ‘Orange’ bands according to the maximum
position (supplementary material, figures S5(A) and S5(B)).
The maximum positions slightly red-shift with the increase of
the excitation wavelength. Dependence of the emission on the
excitation wavelength indicates the radiative recombination
through the shallow trap states [70, 71], unlike the case of
excitation-wavelength-independent PL when irradiative
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Figure 5. The Dependence of PL characteristics on the NDs
concentration in the range from 0.00125% to 0.04%. (A) PL peak
intensity, excited at 375 nm (3.31 eV) and 470 nm (2.64 eV) with
emission recorded at 555 nm and 456 nm, respectively. (B) The
characteristic lifetimes 7, and 7, of the ND water suspensions,
measured in the same conditions.

transition from 7™ orbital to n-state occurs after a non-radia-
tive transition of electrons to 7" state [61]. The results of the
fitting of PL spectra are presented in figure S5. All identified
bands are broad and overlap significantly. For convenience,
we name them further ‘UV’, ‘Blue’, ‘Green’ and ‘Orange’
bands. ‘UV’ PL centre is around 380 nm, which is more likely
associated with radiative transitions in carbon dimer chains
and sp’-clusters [72]. ‘Blue’ PL centre maximum position
around 450 nm does not change over the whole excitation
wavelength range and is more likely assigned to the radiative
transitions associated with —OH groups [71].

Dominant impact of the hydroxyl groups in the whole
spectrum occurs at excitation wavelengths covering the range
240-420 nm (figure S5, supplementary materials). ‘Green’
and ‘Orange’ bands have a more complex structure and arise
from functional groups containing C=O, such as ketone,
carboxylic anhydride and carboxyl groups, which begin to
dominate in the PL spectrum with the increase of the exci-
tation wavelength [71, 73]. This long wavelength region of
PL splits in at least two peaks, however, the fitting is sig-
nificantly complicated, which is likely due to the entangled
interactions between the hydroxyl groups (n-state) and car-
bonyl groups (7*(CO)), leading to the red-shift of the peaks
with the increase of the excitation wavelength, which is in
agreement with the data presented in [70]. However, ‘Orange’
band is associated with —COOH groups [71].

PL intensity of ND suspensions is concentration depen-
dent. Moreover, different PL centers behave differently (see
figure 5(A)). Excitation was performed at 375 nm for ‘Blue’
PL centers and at 470 nm for ‘Orange’ PL centers to achieve
the best separation of the impact of -OH and —COOH surface
groups, respectively. At low concentrations (up to 0.01%), the
PL intensity of ‘Blue’ centers increases linearly. At higher
(>0.01%) concentrations, the saturation of the PL intensity
occurs because the role of scattering and reabsorption
increases due to possible agglomeration of NDs at high
concentrations. The PL intensity of ‘Green’ centers is a linear
function of the NDs concentration in wide range spanning up
to 0.03%. This indicates the independence of this PL line
from the degree of agglomeration (see figure 5(A)).
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Table 1. Origin of the spectroscopic properties of NDs.

ND measurable parameters Method Result References
Optical UV-vis Peak positions and transition energies:
Absorptive absorptio —276 nm (4.5 eV)—r—n" transition in sp>-hybridized carbon atoms in [59]
Transitions n spectroscopy  clusters surrounding sp>-phase [59] [60, 61]
—390 nm (approx. 3.0-4.0 eV)—n—7" electronic transition, associated [65]
with C=0/COOH,/C-0-C /etc on sp>-domainds of the ND surface
Curve fitting:
A% (0.04% wt NDs)—Rayleigh scattering contribution
A7? (<0.005% wt NDs)—absorption by surface sp? conducting layer
PL properties PLE Effectively emitting absorptive transitions:
— 250 nm (4.96 eV, non-observable in UV-vis)—intrinsic states (core): [60, 61]
diamond core surface, n—c" transition in sp3—domaines associated with [74]
hydroxyls or ethers, Pandey chains [69]
— 326 nm (3.80 eV), 358 nm (3.46 eV), 417 nm (2.97 eV)—extrinsic
states (shell): n—=" transition from oxygen-containing groups in sp>
clusters in the ND shell (C—O-C, OH, carbonyls)
—462 nm (2.68 eV)—extrinsic state, excitonic, sp2 carbon clusters of
different sizes, passivated with oxygen-containing groups
Concentration dependency:
-PL caused by absorptive transitions in extrinsic states increase
-PL caused by absorptive transitions in intrinsic states does not change
PL (i) Excitation-wavelength dependent PL
(ii) At least four emissive states: [72]
UvV—380 nm—spz—clusters, intrinsic states [71]
Blue—450 nm—radiative transitions associated with —OH groups [71], [70, 71, 73]

extrinsic states

Green and Orange—around 500 nm and 555 nm, red-shifted with A
increase after 400 nm, associated with C=0 (ketone, carboxylic
anhydride, carboxyl groups), n(OH)-7*(C=0), extrinsic states

(iii) Concentration dependent

(iv) pH dependent (‘Blue’ PL (-OH), ‘Orange’ PL (C=0))

PL-7

Characteristic lifetimes:

71 = 1.48 + 0.06 ns, 75 = 9.18 £ 0.12 ns (‘Blue’, —-OH, concentration-

independent)

71 = 2.47 £ 0.13 ns, 7, = 9.84 £ 0.33 ns, (‘Orange’, -COOH,
concentration-dependent)

Figure 5(B) shows the dependences of the characteristic
lifetimes 7, and 7, (see equation (1) of the PL on the ND
concentration measured at 456 nm (‘Blue’) and 555 nm
(‘Orange’) wavelengths with excitation at 375 nm and 470
nm, respectively (see table 1). Both 7 and 7, for ‘Blue’ PL
centers in NDs, in contrast to ‘Blue’ PL intensity, are inde-
pendent of the NDs concentration. The lifetimes for ‘Orange’
PL centers change only at the ND concentrations above
0.03%, completely repeating the behavior of PL intensities.

Principal spectroscopic characteristics with their origin
indication are summarized in table 1.

3.3. Application of ND suspensions for pH sensing

A variety of oxygen-containing functional groups on the sur-
face of NDs provide a solid background for using NDs for
sensing of the pH environment. The carboxylic groups —
COOH respond to the pH changes via protonation/deproto-
nation (see figure 6(A)). The C=0 and —OH groups participate
in hydrogen bonding, resulting in agglomeration/deagglo-
meration of NDs and NDs’ solvation (see figure 6(B)).

To exclude the possible impact of additional agglom-
eration caused by high concentrations of NDs, suspensions of
0.01% of NDs were used for all further measurements. NDs
UV-vis absorption spectra (see figure S6, supplementary
materials) as well as short lifetimes measured for ‘Blue’ PL
and ‘Orange’ PL centers, responsible for -OH and -COOH
groups, respectively, are pH-insensitive, while long lifetimes
show slight decrease at the pH values below neutral (see
figure S7, supplementary materials).

However, PL intensities for both ‘Blue’ and ‘Orange’ PL
centers demonstrate significant dependence on the pH values
in a wide range of pH (see figures 7 (A) and (B)). It is
reflected in the decrease of PL intensity at A.,, = 456 nm
(excitation at A\, = 375 nm) and simultaneous increase of PL
intensity at A.,, = 555 nm (excitation at Ay = 470 nm).

Intensity increases for ‘Orange’ PL centers (-COOH
groups) occurs at high pH values due to the delocalization of
the electron from oxygen in deprotonation, caused by the
proton depletion, and the formation of resonance structures in
—COO. Different directions of PL intensity changes, when
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Figure 6. Oxygen-containing groups in water environment: (A)
carboxylic group modification at different pH values, (B) H-bonding
and hydration.

pH values varies, suggest using the ratio of ‘Blue’ and
‘Orange’ PL intensities for pH measurement to suppress
influence of the laser power fluctuations and ND-concentra-
tion dependence of the detected signal.

Figure 7(C) shows the obtained calibration curve allow-
ing the determination of the pH values of water ND suspen-
sions by PL measurements. One can observe that the ratio of
normalized PL intensities /555 measured at A.,, = 555 nm
(excitation at Ay = 470 nm) and I156 ey = 456 nm (exci-
tation at Ay = 375 nm) is well approximated with a linear
function (R* = 0.97).

The pH value of the solution containing 0.01% of NDs
can be obtained from using the following formula (3):

norm Iy,

pH =128 . 22

[T 5.5, 3)
where J24" I and I;9 ' are PL intensities with excitation
at Aex = 470 nm and A\, = 371 nm, respectively, both values
were normalized on the maximum values of the PL measured
for the calibration solutions at boundary pH values (pH 10
and pH 2 for 129" I and ;™ s, respectively).

The fitting (3) is ND-specific, i.e. it cannot be extended to
NDs with different functional groups on the surface and,
correspondingly, with different PLE profiles. Nevertheless,
having carried out simple preliminary measurements to get
information on the PL associated with -COOH and —-OH
groups, one can apply similar two-wavelength approach for
all-optical pH measurement.

The obtained results are in a good agreement with data
presented in [75, 76], where -COOH and —OH groups were
specifically created on the surface of DNDs and milled HPHT
NDs and their PL. was shown to be pH sensitive in the range
2-5 due to —COOH and in the range from 9 to 12.5 due to
—OH groups. However, at neutral pH values PL was pH-
insensitive, whereas in our case the pH dependence of PL is
observed in the entire range (from 2.14 to 10.56). This is
because the surface of LHDP-produced NDs used in this
study is decorated with C=O containing ketones, carboxylic
anhydrides, and carboxyl groups bonded to sp®-domains of

various sizes and different combinations of defects, which
possibly expands the range of pH sensitivity far beyond the
operating range of pure -COOH and —OH groups, mentioned
in [76] as pK, of carboxylic groups strongly depends on the
molecule it is bonded to [77].

4. Conclusions

A systematic study of the NDs produced by pulsed laser
ablation allows us to demonstrate that there are independent
PL centers in the ND shell that can be used for all-optical
pH sensing. The performed spectroscopic characterization of
NDs reveals that NDs comprise sp> cubic core covered with
sp>-disordered clusters having size of 0.62 nm and decorated
with wide range of oxygen-containing surface groups,
including hydroxyl, ketone, carboxylic anhydride and car-
boxyl groups, without a pronounced predominance of any of
them. It imparts the NDs with specific spectroscopic proper-
ties and thus determine their possible sensing applications.
Presence of oxygen-containing groups determines excitation-
wavelength-dependent PL of NDs. Spectra fitting with
Gaussian profiles gives several independent surface PL cen-
ters, whose position is characterized by a slight red shift with
the increase of the excitation wavelength.

For —OH PL-centers, PL intensity is a nonlinear function of
the ND concentration reaching saturation at concentrations
higher than 0.01%, while the characteristic PL lifetimes 7, , are
concentration independent. For carboxyl PL-centers, PL inten-
sity linearly depends on the NDs concentration and deviates
from a linear profile only at the concentration of 0.04% and
higher. Characteristic lifetimes of the —COOH PL centers
depend on the NDs concentrations from 0.04% and higher.
Spectroscopic properties of these PL centers (-OH and —
COOH) along with their involvement in hydration process and
pH-dependence were successfully applied for an all-optical pH-
sensing approach. Using —OH PL intensity decrease and
—COOH PL intensity increase with the pH growth, we have
derived a formula that allows one to determine the pH of the
solution using the ratio of these intensities.

Using decorated graphitic shell of NDs for efficient
pH sensing is beneficial also because it leaves color centers in
diamonds for more challenging sensing, extremely vital for the
biological system, such as defining local changes in the mem-
brane potential, currents through the membrane, energy con-
sumption by protein complexes, local temperature, etc, shifting
a simpler problem of pH determination to surface groups.

Along with other outstanding NDs properties such as their
inertness with respect to biological objects, PL stability, non-
toxicity unlike organic dyes, no special handling and storage
requirements, it makes NDs strong competitor to other known
pH sensing solutions for in vitro and in vivo applications.
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