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ABSTRACT

Nanodiamonds containing negatively-charged nitrogen-vacancy (NV") centers are versatile nano-
sensors thanks to their unique optical and spin properties. While currently most fluorescent
nanodiamonds in use have at least a size of a few tens of nanometers, the challenge lies in
engineering the smallest size nanodiamonds containing a single NV~ defect. Such a tiny
nanocrystal with a single NV~ center is an “optical spin label” for biomolecules, which can be
detected in a fluorescence microscope. In this paper, we address two key issues towards this goal
using detonation nanodiamonds (DND) of 4-5 nm in size. The DND samples are treated first with
electron irradiation to create more vacancies. With the aid of electron paramagnetic resonance
(EPR) spectroscopy, we confirm a steady increase of negatively-charged NV~ centers with higher
fluence. This leads to a four times higher concentration in NV~ defects after irradiation with 2

MeV-electrons at a fluence of 5X 10'® e/cm?. Interestingly, we observe that annealing of DND

does not increase the number of NV~ centers, which is in contrast to bulk diamond and larger
nanodiamonds. Since DND are strongly aggregated after the irradiation process, we apply a boiling
acid treatment as a second step to fabricate mono-disperse DND enriched in NV~ centers. These
are two important steps towards “optical spin labels” having single digit nanometer range size that

could be used for bioimaging and nanosensing.
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resonance (ODMR)



The negatively-charged nitrogen-vacancy (NV") center in diamond is the only system available
today, where single electron spins can be detected at room temperature! and their coherence can
be manipulated? over a lifetime of up to milliseconds.? This enormous gain in sensitivity, delivered
by the combination of optical spin pumping and detection, is standing out from conventional
nuclear magnetic resonance (NMR), magnetic resonance imaging (MRI) or electron paramagnetic
resonance (EPR) techniques.* Numerous physical properties of the environment are encoded in the
optical and magnetic resonance spectra of NV centers, enabling the detection of temperature,>®
magnetic’® and electric fields,” to mention only a few.! Such a versatile sensor can be reduced to
the nanoscale when NV- centers are incorporated into nanometer-sized diamond crystals.!! Low
cytotoxicity and the remarkable photostability of the fluorescence from NV~ centers in 100 nm-
sized crystals provided two major advantages compared to other fluorophores'! and made
nanodiamonds the ideal candidates for being unique nanoscale sensors inside living cells. Recently,
sophisticated optically-detected magnetic resonance (ODMR) experiments presented novel
methods to track the three-dimensional orientation of the nanodiamonds'? or measure their
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surrounding temperature > in living cells.

While many unprecedented biophysical experiments can be expected in the near future based on
nanodiamonds having sizes down to a few tens of nanometers, other targets will remain beyond
reach if the nanodiamond size cannot be further reduced. If a NV -containing nanodiamond should
be used as a label for a single biomolecule such as a protein or a nucleic acid, its size should be at
least comparable to the size of the biomolecule of interest. Accordingly, a size in the order of the
famous green fluorescent protein (GFP)!'> would be highly desirable. A single-digit nanodiamond
(having a size below 10 nm) would fulfill this criterion. This would open up the way to look at the

molecular rotation of the ATP synthase!? or study many other biophysical processes on a single-



molecule level in a natural environment that are unobservable today. Inspired from the huge
success of EPR spectroscopy combined with site-directed spin labeling,'® it would be a dream to
replace those electron spin labels with tiny nanodiamonds carrying a single NV~ center to realize
the step from large ensemble to single-molecule experiments. Furthermore, some cellular
compartments like the cell nucleus are only accessible for very small particles. Some fluorescence

1718 are based on the measurements of a

or ODMR experiments like super-resolution imaging
single NV~ defect and cannot be implemented on an NV~ ensemble in a larger nanodiamond.

Finally, small nanodiamonds are essential for nanoscale sensing since the sensitivity is limited by

the distance between NV~ centers and external spins.

Such small nanodiamonds can be either manufactured by the detonation method followed by
destruction of their extremely tight agglutinates by attrition milling!® or by using a laser-heated
diamond anvil cell.?’ The latter method produces only minute amounts so far and the former is the
only method suited for large-scale production at the moment. In this work, we are using detonation
nanodiamonds (DND) with a uniform diameter of 4-5 nm.!” NV~ centers in DND were first directly
observed ten years ago by Plakhotnik and co-workers by time-resolved photoluminescence
spectroscopy.?! They suggested that sp? carbon on the surface can quench the luminescence from
NV~ defects, showed an improved performance after surface oxidation and estimated that only
about 1 per (15,000 = 7,000) DND would contain an NV~ center corresponding to about 0.005-
0.012 ppm.?? While it is well known that the nitrogen concentration in DND is as high as 2-3 at%
over the whole particle,?® it is still under debate, if such high nitrogen concentrations can be found
as well in the inner diamond core.?*?° The smallest nanoparticles made from type Ib diamond that
showed ODMR signal from NV- centers had a mean particle size of about 8 nm.?’ Similar

experiments in DND showed a striking difference between “covered” nanodiamonds inside



aggregates or a polymer film (poly-vinyl alcohol) and “naked” nanodiamonds surrounded by air:
while the former showed stable fluorescence enabling to record ODMR spectra, the latter showed
fluorescence blinking where no ODMR signal could be observed.?® This might be related to the
charge state conversion between negatively-charged NV~ and neutral NV° defects, where in the
proximity of the particle surface, the equilibrium is shifted more towards the neutral species.?’

However, only the negatively-charged NV~ defect with an electron spin triplet ground state (S=1)

is ODMR active.!?

Considering all these points, we see three key challenges that must be overcome before DND
become a new generation of “optical spin labels™: (1) the low concentration of NV~ centers in DND,
(2) the strong aggregation of NV -containing DND and (3) surface-induced charge instability of
NV~ centers in isolated DND. In this work, we present solutions to overcome these challenges. By
electron irradiation,*® the number of NV~ defects increased through the creation of more lattice
vacancies. With the aid of EPR spectroscopy,’! we quantify the increase of NV~ centers’ content
in DND under three different irradiation fluences. At the highest fluence applied in this study (5

X 10'8 e”/cm?) we estimate a 3.9-fold increase in NV~ centers with respect to non-irradiated DND.

We report for the first time that annealing at 800 °C for 2 h under vacuum has no influence on the
number of NV~ defects in DND. Annealing has the purpose of rendering the vacancies mobile so
as to create new NV centers. After electron irradiation (and also annealing), DND form tight
aggregates that cannot be dispersed by high-power sonication alone. Graphitization of diamond
carbon,*? bridging of chemical bonds* and annealing effects due to beam heating®* are known
reactions induced by electron irradiation. By treating the DND with boiling acid (H2SO4:HNO3 =
3:1, 125 °C)* the particles are redispersed. While the frequently used oxidation in air can remove

sp* carbon on the DND surface, this step again leads to tightly aggregated DND caused by the



complete removal of water at high temperature.>® We confirm that only the last oxidation step by
acid makes ODMR signals in nanodiamond aggregates reappearing. All these three steps lead to

mono-disperse DND enriched in NV~ centers.

RESULTS AND DISCUSSION

In order to increase the number of NV~ centers in DND, DND were irradiated with 2 MeV-
electrons at different fluences (1X10'8 e/cm?, 3 X10'® e/cm?, 5X10'® e¢/cm?). To estimate the
relative concentration between NV centers in different DND samples, we characterized the
samples using continuous-wave (CW) EPR spectroscopy. While the signal around g = 2 is
dominated by an intense relatively narrow (line width AHp, ~1 mT) singlet signal, largely
stemming from dangling bonds (S = 1/2), an additional signal was recently attributed to the so-
called “forbidden” AMs = 2 transition between Zeeman levels of the triplet (S = 1) NV centers
that can be found at about g = 4.24(1) when measuring at the microwave X-band frequency in use
(9.87 GHz).>”® In this “half-field” region (g ~ 4, relating to the half of the magnetic field value
corresponding to signals of primary paramagnetic species like dangling bonds observed at g =
2.00), a second signal around g = 4.00(1) appears, which was assigned to another “forbidden”
transition stemming from an S = 1 electron spin species in coupled dangling bonds.*! Such an
effect, where the EPR line corresponding to the “forbidden” transition in a powder spectrum is less
broadened than conventional AMs=1 “allowed” lines due to the strong orientation dependence of
the spin-Hamiltonian parameters, is well known for EPR species in the triplet state.>* Importantly,
it was demonstrated that an estimation on the number of NV~ centers in nanodiamond powders is

possible by double integration of the “forbidden” line.*! Since such “forbidden” lines in the EPR



spectra of polycrystalline samples exist only for a spin S > 1 species, this method selectively
measures the ODMR-active negatively-charged NV~ but not the neutral NV° centers having S =

).40

1/2 (which have never been observed by EPR in its ground state).” The content of NV~ centers in

DND was increased 1.8-fold by electron irradiation with a fluence of 1 X 10'® e”/cm?, 2.4-fold with
3X 10" e/cm? and 3.9-fold with 5X 10" e/cm? with respect to the non-irradiated DND sample

(Fig. 1(a), (b) and Fig. S1 for all EPR spectra). All increment factors have an experimental error
of + 15%, showing a significant increase in the concentration of NV~ centers. Looking at these four
data points, a saturation in the curve of the NV~ concentration is not yet seen and therefore, a
further increase by larger fluences can be expected (Fig 1 (a)). Surprisingly, the amount of NV~
centers in DND was not affected by annealing at 800 °C for 2 h under vacuum (Fig. 1 (a), (c) and
Fig. S1). This negative result was confirmed for both, non-irradiated and irradiated DND. High-
energy electron or ion irradiation followed by annealing is a standard process to increase the
number of NV~ centers in bulk diamond and nanodiamonds.*! Since such an effect was only
observed in DND so far, a size-dependent origin seems most obvious. We make two
complementary attempts to explain this “anomalous” behavior. On one hand, annealing per se
could be ineffective for DND due to their small size. In this case, most of the vacancies would
arrive at the crystal surface before having the chance to pair with a single nitrogen defect.?! On the
other hand, annealing through high temperatures could have already fully taken place during
electron irradiation or the DND synthesis, respectively. In that case, all possible NV~ centers would
have already formed before the subsequent annealing process. This hypothesis relies on a strong
irradiation-induced temperature rise for very small-sized nanoparticles*’, whereby its validity

remains unclear since the particles are aggregated during this process.



The samples were further characterized by transmission electron microscopy (TEM) and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) to monitor chemical changes
induced by the electron beam. TEM images with a resolution of 0.1 nm show ca. 5 nm-sized
diamond nanocrystals for all samples with no remarkable difference (Fig. 2(a)). Since a detection
of sp? layers was not possible, we assume, if at all, only single layers for graphene or sp? carbon
are covering the nanodiamond surface. Most importantly, the diamond structure was retained
during electron irradiation as confirmed by selected-area electron diffraction (SAED) shown in
Fig. 2 (a). In contrast, significant changes induced by the electron irradiation process on the
nanodiamond surface were observed in the DRIFT spectra. While the C-H vibrations (2800-3000
cm™!) disappear during the electron irradiation, C=0 and C-O or C-O-C vibrations (1770 and 1000-
1350 cm™!, respectively*’) are enhanced in the DRIFT spectra (Fig. 2 (b)). The formation of C=0
and C-O-C groups was previously observed on irradiated carbon nanotubes leading to covalent
bridges between adjacent tubes.*® In our case, C-O-C groups may be formed between adjacent
DND or on the DND surface. At the same time, the zeta potential was inverted from +41 £ 5 mV

for the non-irradiated sample to -46 = 15 mV for the 5X 10'® e’/cm? irradiated sample after the

boiling acid treatment.
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Figure 1. Effect of electron irradiation on NV~ centers in DND. (a) Relative quantification of NV~
defects by EPR for non-irradiated and electron irradiated DND normalized per weight. Red dots
are before, blue dots are after annealing, respectively. All measurements have an error of £ 15 %.
The NV~ signal for the non-irradiated DND before annealing was normalized to 1. (b) Half-field

EPR spectra after baseline correction comparing non-irradiated (black) and 5 X 10'® e/cm?

irradiated (red) DND (both after boiling acid treatment) showing a significant difference in



intensity. (c) Half-field EPR spectra after baseline correction comparing 5 X 10'® e’/cm? irradiated

DND before (red) and after annealing (brown), both after boiling acid treatment, showing no
significant difference in intensity.
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Figure 2. Effect of electron irradiation on the chemical structure of DND. (a) Transmission

electron microscope (TEM) images with selected-area electron diffraction (SAED) for non-
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irradiated DND (above) and 5 X 10'® e/cm? irradiated DND after the boiling acid treatment
(below). (b) DRIFT spectra of non-irradiated DND (black) and 5 X 10'® e”/cm? (purple) irradiated

DND.

While the colloidal solution of DND (NanoCarbon Research Institute Co., Ltd., NanoAmando®)
is mono-disperse with a hydrodynamic size of about 5 nm, the irradiated DND are strongly
aggregated and cannot be dispersed in water by high-power sonication. Using dynamic light
scattering (DLS), the irradiated DND show a broad peak stemming from aggregates (Fig. 3). To
disperse the DND that aggregated during the electron irradiation, bead assisted sonic disintegration

(BASD)** was first applied to the 1X10'® e/cm? irradiated DND. After a subsequent boiling

acid treatment (H2SO4:HNO3 = 3:1, 125 °C) a single peak centered at about 4-5 nm was regained
(not shown). Since BASD was less effective for DND with higher fluences, we show that the
electron irradiated DND can be fully disaggregated by the boiling acid treatment alone, without
prior BASD (Fig. 3). This result confirms the successful production of dispersed single-digit
electron irradiated DND. TEM images together with SAED showed that the size and structure of
the nanodiamonds were retained after the boiling acid treatment (Fig. 2(a)). While BASD was not
needed to disperse irradiated but not annealed DND, in contrast, annealed samples could only be

disaggregated by applying the BASD process.
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Figure 3. Characterization of the 5X10'® e/cm? irradiated DND before (purple) and after the

boiling acid treatment (red). Hydrodynamic size distributions were measured by dynamic light

scattering (DLS).

The oxidation treatment by the boiling acid method is not only important for the dispersion of the
DND. Graphene or other sp? carbon units on the nanodiamond surface are known to have a
significant influence on the optical properties of NV~ centers, namely the quenching of their

fluorescence.??> We have measured the fluorescence of the 1 X 10'® e/cm? irradiated DND with and

without the boiling treatment using a homemade wide-field ODMR microscope*®. We did not
observe isolated DND but DND aggregates in these experiments. While the conventional
fluorescence images showed a much larger intensity before the boiling acid treatment,

46 showed bright spots only after the acid treatment

“background-free NV- center selective images
(Fig. 4 (a)). Therefore, we can confirm the quenching of fluorescence from NV~ centers and its

appearance after oxidation,?” in our case by the boiling acid treatment. The observation of an NV-

signal is finally confirmed by recording an ODMR spectrum (Fig. 4 (b)).
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Figure 4. Effect on optical properties of irradiated DND before and after the boiling acid treatment.
(a) Fluorescence images of dried DND aggregates on a glass cover slip, observed with a wide-field
ODMR fluorescence microscope (532 nm laser irradiation); the left side shows conventional
fluorescence images, the right side are background-free NV~ selective images.*® While the
unspecific fluorescence on the 1 X 10'8 e¢/cm? irradiated DND before the boiling acid treatment is
stronger (top row), spots with specific NV~ fluorescence do appear only after the boiling acid

treatment (bottom row). The scale bar has a length of 5 um. (b) ODMR spectrum from a bright
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NV~ spot recorded by a microwave frequency sweep at zero magnetic field with a resonance

frequency at about 2870 MHz.

CONCLUSIONS

Our results quantify for the first time the successful enrichment of NV~ centers in single-digit
detonation nanodiamonds (DND), which can be maintained as a mono-disperse suspension in
water. Hereby, we have addressed key challenges towards DND as single-digit “optical spin

labels”, which would enable magnetic resonance of a single biomolecule.

Using the EPR “half-field method”, by observing the “forbidden” transition lines in the spectra of
the negatively-charged NV~ defect (S = 1) in DND, we estimate a four-fold increase of the NV -

centers content in DND irradiated with an electron beam at a fluence of 5X 10'® e/cm?. This

behavior is an experimental indication that there is a deficiency of vacancies with respect to
nitrogen impurities in the diamond core of DND, which is in contrast to recent results obtained
from electron energy-loss spectroscopy (EELS).*” Electron irradiation with higher fluences are
expected to further increase the concentration of NV~ centers in DND, since no saturation is yet
seen in our series with three different fluences (Fig. 1 (a)). On the other hand, higher fluences may
cause progressing radiation damage of the nanodiamond structure, a side effect that should be
carefully analyzed. For the fluences applied in this work, the crystallinity of DND was not affected
(Fig. 2(a)). Interestingly, we observe that the annealing process (800 °C for 2 h under vacuum) in
the case of DND does not create any additional NV~ centers (Fig. 1 (a) and (¢)). This concerns also
the annealing of unprocessed DND without prior electron irradiation. Such an effect is unknown

for bulk diamond or any other type of nanodiamonds and therefore a size-dependent origin seems
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most reasonable. Further studies are required to elucidate the detailed mechanism. Independent of
its theoretical understanding, this “negative result” leads to the practical advantage that the

annealing step can be skipped for DND.

An absolute quantification of NV~ defects in DND is difficult. However, a careful estimation
comparing with previously measured samples using the same half-field EPR method?! suggests
that the concentration of NV~ centers in initial (non-irradiated) DND under study is about 0.1 ppm
(= 30%), which is equivalent in finding 1 per 1000 DND having an NV- center. Consequently,

DND irradiated with a fluence of 5X 10'® e/cm? are expected to have an NV~ concentration of

about 0.4 ppm (£ 30%), where 1 in 250 DND should contain an NV" center. This is 60 times higher
than the yield of 1 per 15,000 DND particles determined by Plakhotnik and co-workers with optical

methods.?? Such a strong difference could stem from sample preparation (irradiation with 5 X 101

protons/cm?, 2.5 MeV in their work)?, but more likely, it is originated from the different
spectroscopic detection methods. In fact, while EPR measurements allow observation of all
paramagnetic NV~ defects, fluorescence measurements of the same species may be subjected to

laser-induced blinking or bleaching, which naturally limits its observation abilities.

The boiling acid treatment serves for three purposes in this work: (1) it disaggregates irradiated
DND down to 4-5 nm, (2) it oxidizes surface groups to make the NV~ fluorescence and ODMR
signal visible and (3) it removes contamination from Fe*" enabling a nearly background-free half-
field EPR spectrum®’ (see Fig. S2)). This confirms the importance of the surface oxidation step for
the observation of NV~ fluorescence and ODMR reported previously?? and shows that the boiling
acid treatment is a reliable chemical tool for this purpose. We have observed strong NV~

fluorescence from dried DND aggregates after irradiation and the boiling acid treatment. As
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proposed recently,*® these could be used in their aggregated form as an alternative to HPHT

nanodiamonds, now with a higher number of NV~ defects than in the unprocessed case.

As a final goal, we are aiming for isolated DND with a single NV~ center as an “optical spin label”.
Herein, we have presented two important steps towards this direction: our protocol can enrich
detonation nanodiamonds in nitrogen-vacancy centers and re-disperse them to a size of 4-5 nm.

We are convinced that the combination of both steps is pivotal for various future applications.

MATERIALS AND METHODS

Materials. A colloidal solution of DND (NanoCarbon Research Institute Co., Ltd.,
NanoAmando®) was kindly donated by Dr. Eiji Osawa. Zirconia beads (YTZ Grinding Media,

0.05 mm) were obtained from Tosoh Co.

Characterization. DRIFT spectra were obtained on a FT/IR-6600 (JASCO) equipped with diffuse
reflectance accessory (DR PRO410-M) with a resolution of 4 cm™'. The DND samples and KBr
(1:1, w/w) were grinded using mortar and pestle. Adsorbed water in the powder was removed by
heating at 120 °C under vacuum for lh. The dried powder was subsequently filled into the
reflectance cup and flattened with the spatula. The reflectance cup was placed into the chamber
and the air was replaced with nitrogen gas. Measurements were performed with 64 scans at a
resolution of 4 cm™!. A linear background correction, based on the maximum value of the diffuse
reflectance R (raw data) in the region of 3800 - 4000 cm™ was applied to the spectra. After the
background correction, the Kubelka-Munk equation (Kubelka-Munk units = (1-R)%/2R) was
applied to the spectra. To correct the data for the slightly different concentration in DND, the

horizontal axis was normalized by the concentration of the DND samples. Zeta potentials and the
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hydrodynamic size distributions of the samples were measured using a Malvern Zeta sizer Nano
instrument (Malvern Panalytical Ltd). Transmission electron microscopy (TEM) images were
obtained by a FEM-2200FS+CEOS CETCOR (JEOL). The acceleration voltage and the spatial

resolution was 200 kV and 0.1 nm, respectively.

Irradiation and annealing process. A freeze-dried detonation nanodiamond powder was

irradiated with a 2-MeV electron beam at a fluence of 1 X 10'® e/cm™ (50 h), 3 X 10'8 e/cm? (150

h) and 5 X 10'® e/cm? (250 h). The thermal annealing was carried out under vacuum at 800 °C for

2 h.

Bead assisted sonic disintegration (BASD) process. The reactor was charged with DND powder
(150 mg), zirconia beads (10 g), a stirring bar and milli-Q water (10 ml) before the homogenizer
tip were immersed. The prepared sample was sonicated using an ultrasonic processor (Branson,
Ultrasonic-Homogenizer Sonifier 450A with a 5 mm microtip EDP No. 101-148-069) for 2 h at
the output control 6 and a duty cycle of 10 % or 30 % while stirring and cooling the reactor. After
sonication, the mixture was centrifuged (TOMY, MX-300) at 5 krpm for 10 min at room
temperature and the supernatant was discarded. This was repeated three times to completely

remove the remaining zirconia beads.

Boiling acid treatment. 100 mg of aqueous colloidal solution of DND were centrifuged
(Beckman, Optima™ TLX ultracentrifuge) at 50 krpm for 30 min at 25 °C, the supernatant was
discarded and 20 ml mixture of sulfuric acid and nitric acid (3:1) were added (for irradiated DND
powders, the centrifugation step was skipped). The suspension was transferred to a flask and
sonicated in an ice bath sonication (Cosmo Bio, Bioruptor UCS-200TM) (on/off=10 s/5 s) for 30

min. The mixture was heated under reflux at 125 °C and stirred for 3 or 5 days. After the reaction,
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the mixture was washed three times with milli-Q water. Next, the sample was treated with a 0.1 M
NaOH solution (20 ml) at 90 °C for 2 h. Only for the annealed samples, this step was followed by
washing with a 0.1 M HCI solution (20 ml) at 90 °C for 2 h. The sample was dispersed again in
milli-Q water (20 ml) by using an ultrasonic processor for 30 min at the output control 5 with a

duty cycle of 30 % while stirring and cooling the reactor.

Electron paramagnetic resonance (EPR). Continuous-wave X-band EPR spectra were recorded
on a Bruker ELEXSYS E500 spectrometer at room temperature and are plotted as derivative
spectra. A tube was filled with 20 mg of DND powder and spectra were acquired for about 3 h. A
microwave frequency of 9.87 GHz at a power level of 0.2 mW was applied and 1024 points around
a magnetic field of 165 mT with a sweep width of 50mT were acquired. The modulation amplitude
was 0.3 mT and the modulation frequency 100 kHz. All samples were previously treated by
“boiling acid” to remove Fe** contaminations on the DND usually causing appearance of strong
broad background EPR lines within the same field range.?” The residual background Fe** line was
removed by post-processing. The relative amount of NV~ defects was determined by the double
integration of the signal with a resulting value normalized per unit mass. The error of £ 15% stems
from the spectral noise and the background correction. EPR data processing was carried out using
Bruker WIN-EPR and OriginLab software packages and is illustrated in Fig. S3. The frequency-
dependent g-value of the AMg = 2 transition in the NV~ center was calculated using the function
“pepper” in EasySpin running on MATLAB.* The quantification of the NV~ centers content was
done by comparison of the double-integrated intensities of the g = 4.24(1) EPR lines in all the
samples studied with that of a fluorescent microdiamond sample having an NV~ content of 10.8
ppm. The latter value was reported in Ref. [31] for this sample, which we used as a reference. All

NV- densities there’! were obtained by an “EPR-only” technique based on the direct double
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integration of the entire polycrystalline NV~ related pattern (including signals of both “allowed”
and “forbidden” transitions) and its quantification using external polycrystalline EPR reference
sample with a known spin density.’” Integral intensities of the “forbidden” g = 4.24(1) signal are
proportional to the NV~ contents determined by the double integration of the entire triplet signals,
which allows estimating of the NV~ content even in cases where the “allowed” transitions’ signals

are obscured or not observable.?!

Fluorescence and ODMR measurements. Fluorescence and NV~ selective images were recorded
using a homemade ODMR microscope reported previously.*® The samples were excited with an
Nd:YAG laser (532 nm, Coherent, Sapphire 532 LP), and the fluorescence was collected by an oil
immersion 60 objective (ApoTIRF, NA = 1.49, Nikon), passed through a dichroic mirror centered
at 575 nm and a long-wave (short-wave) pass filter between 590 nm and 845 nm to detect the
fluorescence of NV~ before imaged at an EMCCD camera (Andor Technology, Andor iXon Ultra
897). Fluorescence spectra were recorded by placing an imaging spectrograph (Bunkou Keiki
CLP-50, 0.5 nm resolution) between the microscope and the camera. The microscope was
equipped with a microwave coil for irradiating the resonant frequency and the ODMR spectrum
was recorded with a microwave frequency sweep from 2830 to 2910 MHz. Two Cauchy
distribution functions were applied to fit the data. To plot the background-free NV~ selective
images, fluorescence images with and without a resonant microwave frequency at 2870 MHz were

alternated and subtracted from each other.*®

19



Supporting Information Available: All EPR spectra (Fig. S1), unprocessed EPR spectra for
different duration of boiling acid treatment (Fig. S2), illustration of the background correction and

integration procedure of the EPR spectra (Fig. S3) and further DRIFT spectra (Fig. S4).

This material is available free of charge via the Internet at http://pubs.acs.org.
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