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Nitrogen-vacancy (NV) centers in diamond are a promising platform for nanoscale
NMR sensing. Despite significant progress toward using NV centers to detect and
localize nuclear spins down to the single spin level, NV-based spectroscopy of indi-
vidual, intact, arbitrary target molecules remains elusive. Such sensing requires that
target molecules are immobilized within nanometers of NV centers with long spin
coherence. The inert nature of diamond typically requires harsh functionalization
techniques such as thermal annealing or plasma processing, limiting the scope of func-
tional groups that can be attached to the surface. Solution-phase chemical methods
can be readily generalized to install diverse functional groups, but they have not been
widely explored for single-crystal diamond surfaces. Moreover, realizing shallow NV
centers with long spin coherence times requires highly ordered single-crystal surfaces,
and solution-phase functionalization has not yet been shown with such demanding
conditions. In this work, we report a versatile strategy to directly functionalize C-H
bonds on single-crystal diamond surfaces under ambient conditions using visible light,
forming C-E, C-Cl, C-S, and C-N bonds at the surface. This method is compatible
with NV centers within 10 nm of the surface with spin coherence times comparable to
the state of the art. As a proof-of-principle demonstration, we use shallow ensembles
of NV centers to detect nuclear spins from surface-bound functional groups. Our
approach to surface functionalization opens the door to deploying NV centers as a
tool for chemical sensing and single-molecule spectroscopy.

quantum sensing | photochemical C-H bond activation | surface functionalization |
NV centers in diamond | surface spectroscopy

Nitrogen-vacancy (NV) centers in diamond are point defects in the diamond lattice that
enable room temperature nanoscale NMR of small ensembles down to the interrogation
of individual spins (1). In these experiments, an NV center is located within a few nano-
meters of a target molecule on the diamond surface, and the magnetic signal from spins
in the target molecule perturbs the phase of the NV spin, which is detected optically
(Fig. 1A). In recent years, NV centers have been used to detect magnetic noise arising
from nuclear spins in a single ubiquitin protein (2) and from single electron spins at the
diamond surface (3), perform NMR spectroscopy of microscale volumes of liquid with
around 1 Hz spectral resolution (4), and spatially map individual 3C nuclear spins in the
diamond lattice under cryogenic conditions (5). Despite this impressive progress, nanoscale
NMR of arbitrary target molecules external to the diamond lattice remains elusive.

In order to sense a target molecule, the molecule must be immobilized within nanom-
eters of an NV center with long spin coherence. Recent efforts to install such target
molecules have used a thin layer (1 to 2 nm) of Al,O, as a chemically functionalizable
interface to attach sensing targets to diamond surfaces (6, 7). However, this approach
comes at the expense of increased distance between NV sensor and target and has been
shown to have some adverse effects on NV spin coherence. Directly functionalizing the
diamond surface to attach sensing targets would eliminate the need for a separate material
interface, but the chemical inertness (8) and small lattice constant of diamond make this
approach challenging.

Conventional diamond surface functionalization methods for NV experiments operate
under harsh conditions, relying on the use of plasma (9-11), thermal annealing (2, 12),
or oxidizing acids (13). These approaches severely limit the scope of functional groups
that can be attached and can damage the diamond surface, destabilizing shallow NV
centers (12). Wet chemical methods allow for more controllable and mild surface modi-
fication methods, which enable covalent attachment of diverse functional groups to the
surface. Thus far, wet chemical functionalization has been largely demonstrated on nan-
odiamonds (14), micro-crystalline diamonds (15, 16), or poly-crystalline diamonds
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times. An attractive strategy is to
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to the diamond surface; however,
the inert nature of diamond
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(17-19), but these materials have a wide range of crystal faces and
their surface chemistry is dominated by grain boundaries and high
concentrations of defects such as sp -bonded and amorphous car-
bon (20). Additionally, the spin coherence of shallow NV centers
can vary by over an order of magnitude because of the presence
of electronic defects at the surface arising from subtle differences
in surface disorder (12). This makes it challenging to translate
these techniques to high-purity, single-crystal diamonds required
for NV-based nanoscale NMR sensing. Prior solution-phase func-
tionalization chemistries have not been demonstrated on pristine
surfaces with coherent, shallow NV centers. Recent work has
demonstrated that plasma termination followed by subsequent
functionalization of amide groups can be compatible with shallow
NV centers (11). Additionally, a prior work has shown that
defect-mediated photoexcitation of free carriers in the diamond
via sub-bandgap ultraviolet light can initiate alkylation of
hydrogen-terminated (H-terminated) single crystal diamond sur-
faces (21, 22) and allows for grafting molecules with exceptional
biochemical functionality, demonstrated by the specific biomo-
lecular binding properties of DNA-modified surfaces and the
chemical stability of functional groups (23). This motivates a
broader search for single-crystal surface functionalization methods
and a study of their compatibility with shallow NV centers.

In this study, we present a generalizable photochemical strategy
to functionalize high-quality, single-crystalline diamond surfaces,
enabling the direct covalent attachment of diverse functional
motifs, and we demonstrate the compatibility of this chemistry
with shallow NV centers with long spin coherence. Inspired by
recent developments in visible-light photocatalysis for activating
C-H bonds in small molecules (24, 25), we set out to activate inert
chemical bonds on diamond surfaces using photoactivated hydro-
gen atom transfer (HAT) reagents (Fig. 1B). These HAT reagents
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homolyze C-H bonds on a hydrogen-terminated (H-terminated)
diamond surface to generate carbon-centered radicals, which can
be intercepted with various radical acceptors to form new carbon—
heteroatom bonds on the surface (Fig. 1C). These solution-phase
photochemical reactions operate at room temperature and enable
the formation of various chemical bonds with surface coverages up
to 10% (1.6 molecules/nm?), including C-E C-Cl, C-S, and C-N
bonds. We establish evidence for covalent bond formation on
single-crystal surfaces using multimodal surface spectroscopies and
develop a mechanistic understanding of the surface reactivity of
single-crystal diamond. Finally, we show that functionalized sur-
faces are compatible with NV centers within 10 nm of the surface
with spin coherence times comparable to the state of the art, and
we use ensembles of shallow NV centers to detect nuclear spins
(”F) contained in installed functional groups at the surface. This
chemical strategy opens the door to a broad range of functionali-
zation targets, thus overcoming a major hurdle for NV nanoscale
molecular sensing.

We began by preparing high-quality, ultra-smooth, H-terminated
diamond surfaces from oxygen-terminated surfaces (Fig. 1C and
Materials and Methods and SI Appendix for more details) and estab-
lishing a general procedure to reliably evaluate the outcome of
functionalization reactions. Briefly, the methodology for fabricat-
ing oxygen-terminated surfaces follows previous work (12) and
includes polishing, etching, graphitizing, and annealing under an
atmosphere of oxygen, or using the “as-grown” surface in the case
of *C isotopically purified material. After subjecting to hydrogen
termination and a functionalization reaction, the samples were
thoroughly cleaned in a mixture of solvents to remove physisorbed
contaminants. To evaluate whether or not a reaction is successful,
we cannot rely on traditional solution-phase chemical analysis tools
because they do not have sufficient sensitivity to probe surfaces.
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Fig. 1. (A) NV-based sensing schematic showing a shallow NV center (yellow) in a host diamond crystal (gray). The NV center can probe the magnetic field
originating from functional groups containing nuclear spins (purple) that are covalently bonded to the surface and that precess at the Larmor frequency (o)
determined by their gyromagnetic ratio and the applied magnetic field (B,). A green laser is used to optically initialize and read out the spin state of the NV
center at room temperature and the spin-dependent red fluorescence is collected by a microscope objective. Top Right: NV ground-state energy level diagram
with spin-dependent optical fluorescence showing zero field (D) and Zeeman splittings (2y.B,). (B) The generation of reactive intermediates from inert surfaces
using solution-phase chemistry is a long-standing challenge in diamond surface functionalization. (€) C-H bond activation via photochemical hydrogen atom
transfer at room temperature (rt) enables the formation of a wide range of carbon-heteroatom bonds on diamond surfaces.

https://doi.org/10.1073/pnas.2316032121

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials

Downloaded from https://www.pnas.org by PRINCETON UNIV LIBRARY; ACQUISITION SERVICE PERIODICALS on April 2, 2025 from IP address 140.180.240.58.

Thus, we sought to functionalize the surfaces with functional
groups containing identifiable heteroatoms (e.g., N, S, halogens)
and used surface-sensitive techniques such as X-ray photoelectron
spectroscopy (XPS) to detect their presence on the surface. Since
non-specific binding can also lead to spurious XPS signals
(SI Appendix, Fig. S6), we iteratively cleaned our samples, checked
for the consistency of the heteroatom signal in XPS, and verified
that other contaminants from the reaction mixture were not pres-
ent. Additionally, since physisorbed contamination and sub-
monolayer deposition of polymerized material is unlikely to result
in a well-ordered monolayer, we used atomic force microscopy
(AFM) to check that the surface was smooth (87 Appendix, Fig. S9).
XPS and AFM allow for rapid feedback for reaction discovery but
do not provide conclusive evidence of covalent bond formation.
To confirm our results, we performed more detailed spectroscopy
using synchrotron near-edge X-ray absorption fine-structure spec-
troscopy (NEXAFS). A strong polarization dependence of the
NEXAES signal associated with the heteroatom of interest indi-
cates that the attached functional group has a well-defined orien-
tation relative to the diamond surface, providing compelling
evidence of covalent bond formation (26).

As an example, we first developed an HAT method for fluori-
nation of the H-terminated surface. This reaction involved the
irradiation of the H-terminated diamond in acetonitrile solvent
with tetrabutylammonium decatungstate (TBADT), a fluorinat-
ing reagent such as Selectfluor or N-fluorobenzenesulfonimide
(NFSI), and sodium bicarbonate with 390-nm light at room tem-
perature for 2 d (Fig. 2A4). XPS analysis of the sample after the
reaction and cleaning shows a clear F Is signal (Fig. 2B and
SI Appendix, Fig. S11) and verifies the absence of heteroatoms
associated with other contaminants from the reaction mixture
(SI Appendix, Fig. S7). Running the reaction in the dark did not
result in an F Is peak, indicating that light is required to achieve
surface functionalization (Fig. 2C). Notably, the F Is peak did not
diminish after multiple cycles of cleaning with organic solvents
or after boiling in a mixture of concentrated sulfuric, nitric, and
perchloric acids (“triacid cleaning”) (Fig. 2B). AFM reveals that
the surface morphology is smooth after the functionalization reac-
tion and that it is free of precipitates (Fig. 2E). NEXAFS at the F
K-edge shows a clear angular dependence, indicating that the C-F
bonds are well-oriented on the surface (Fig. 2D and S/ Appendix,
Fig. $10). Low-energy electron diffraction (LEED) of a fluori-
nated surface shows a clear 2 x 1 pattern, which is consistent with
an F/H mixed termination and demonstrates that the resulting
surface is highly ordered (Fig. 2F). Quantitative analysis of XPS
spectra reveals that the newly formed C-F bonds comprise (6 to
10)% surface coverage [(0.9 to 1.6) molecules/nm?], which is
slightly lower than but comparable to the efficiencies of other mild
processes for diamond surface functionalization (21, 27). We
hypothesize that this moderate yield arises from a self-deactivation
mechanism, in which the formation of C—F bonds increases the
bond strength and electrophilicity of adjacent C-H bonds due to
the strong electron-withdrawing effect of fluorine. Such deactiva-
tion effects are well documented in C—H fluorination studies with
small molecule substrates (28, 29). We note that we also observe
an increase in oxygen at the surface after functionalization and
cleaning, indicating the possible presence of side reactions
(SI Appendix, Fig. S31).

Using this HAT method and reaction discovery pipeline, we were
also able to install other functional groups on the surface. Inspired
by the work of Alexanian and co-workers (31), we found that treat-
ing the surface with N-chloroamide 1 in benzene under 456 nm
light irradiation for 24 h resulted i in chlorination of the surface with
~4% coverage (0.6 molecules/nm?), which was confirmed by the
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appearance of a Cl 2p XPS signal (Fig.2 G, Bottom Right,
SI Appendix). Similarly, we 1nstalled xanthate groups with ~2%
coverage (0.3 molecules/nm?) by irradiating the sample in the
presence of N-xanthylamide 2 for 24 h with 456 nm light, as
evidenced by the appearance of an S 2p XPS signal (Fig. 2 G,
Bottom Lefi) (32).

To further diversify the scope of structural motifs that can be
attached to the surface, we sought to install a versatile functional
handle that is amenable to a wide range of subsequent derivatization
reactions. Serendipitously, we found that conducting the fluorina-
tion reaction with either Selectfluor or NFSI in the absence of the
TBADT photocatalyst resulted in the formation of not only C-F
bonds but also amide groups on the surface. This was evidenced by
aclear N / ssignal in XPS and an angle dependence at the N K-edge
in NEXAFS (Fig. 34 and S Appendix, Fig. S20). Though the iden-
tity of the nitrogen-containing group is not evident from the XPS
or NEXAFS spectra, we were able to confirm the formation of amide
groups by performing a series of control experiments with adaman-
tane as a model substrate as well as with the diamond surface (See
SI Appendix for more details). Furthermore, by replacing acetonitrile
with 3,3,3-trifluoropropionitrile and trichloroacetonitrile, we also
installed trifluoropropanamide and trichloroacetamide groups on
the surface, respectively (Fig. 3B). These amide groups present
opportunities to subsequently attach molecules of interest through
amide coupling reactions, which are a standard strategy for attaching
amino acids (33). Accordingly, amide-terminated surfaces were sub-
jected to a hydrolysis reaction to form free amines. These amine
groups are structurally similar to zer+-butylamine and are thus
expected to be considerably less reactive than typical primary amines
due to their steric hindrance. Nevertheless, they still reacted with
various acyl chlorides to install pentafluorobenzamide (Fig. 3C),
3,5-bis(trifluoromethyl)benzamide, and heptafluorobutyramide
moieties on the surface (S Appendix, Fig. $28). Though amide and
amine are indistinguishable in XPS, we observed distinct X-ray
absorption features at the N K~edge and O K-edge in NEXAFS,
consistent with prior literature reports (34, 35) (SI Appendix,
Fig. $30).

Collectively, this diverse set of functionalization reactions not
only enables the construction of various structural motifs on the
surface but also allows us to understand the mechanisms behind
these reactions on single-crystal diamond surfaces. Density func-
tional theory (DFT) calculations estimate the bond dissociation
energy (BDE) of C ;. —H to be =98 kcal/mol (S/ Appendix,
Fig. $34), which is similar to that of nonactivated tertiary C-H
bonds in small molecules (e.g., C-H BDE in adamantane ~99
kcal/mol) (37). In the fluorination reaction, surface C—H bonds
could be abstracted by the excited state decatungstate anion
¢ [W,,0 32] 7), (38) the aminium radical cation (N-H BDFE =100
kcal/mol) (39) generated from Selectfluor, or the disulfonamidyl
radical (N-H BDFE (=105 to 110) kcal/mol) (40) produced from
NESI. The resulting carbon radicals could intercept either
Selectfluor or NFSI to form new C-F bonds on the surface.
Similarly, in the chlorination and xanthylation reactions, electro-
philic amidyl radicals (N-H BDFE = 110 kcal/mol) (41) gener-
ated from the light-driven homolysis of amides 1 and 2 could
abstract surface C-H bonds to furnish the same carbon radical
intermediates, which then react with 1 or 2 to install chlorine or
xanthate groups, respectively (SI Appendix, Fig. S13) (31, 32). In
the C-N bond formation reaction, the alkyl radicals undergo
single electron transfer with Selectfluor (e.g., £,y (Selectfluor) =
—0.04 V vs. SCE in MeCN (42), E,_ (ter-butyl radical) = 0.09 V
vs. SCE in MeCN) (43). This process produces tertiary carboca-
tions that can be trapped by a nitrile nucleophile to form C-N
bonds via a Ritter mechanism (S/ Appendix, Fig. S21) (39).

https://doi.org/10.1073/pnas.2316032121

3of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316032121#supplementary-materials

Selectfluor NFSI

TBADT
cl Q0Q 0
Selectfluor or NFSI (1N/®_ [} N
[N/ 2BFy  PhTONNT T Ph
MeCN, 390 nm, rt /® t
B C D 4
— 20° F K edge
- 55;
4 o
> >4 90
2 a w2y
g g o P,
= p=i /"' iRetiginy g
3 [ 3 . O . .
680 680 690 700

— H-term

— 1st clean cycle w/ organic solvents

— 2nd clean cycle w/ organic solvents
piranha clean

— triacid clean

s FSC
H H H S)]\ OEt

B CF,
456 nm
S2p

04r
2
203
Q
£

02r

170 160

Binding Energy (eV)

690
Binding Energy (eV)

Photon Energy (eV)

456 nm

cl2p
0.75

Intensity

0251

205 200 195
Binding Energy (eV)

Fig. 2. Activation of C-H bonds via HAT enables fluorination, chlorination, and xanthylation reactions on diamond surfaces. (A) Reaction scheme for photochemical
fluorination reaction (Left) with two fluorinating reagents: Selectfluor and NSFI (Right). (B) XPS F 1s spectra of a fluorinated surface after iterative cleaning procedures.
(C) F 7s spectra for control experiments performed with and without light, showing that light is necessary to achieve fluorination. (D) NEXAFS F K-edge partial
electron yield (PEY) spectra acquired at different angles of incidence. The observed angle dependence indicates the fluorine atoms are well-oriented on the
surface, consistent with covalent bond formation. (£) AFM image of a functionalized diamond surface. The resulting surface is smooth (R, =201 pm + 6 pm), and
there is no evidence of physisorbed contamination. Samples in (B-D) were fluorinated with NFSI, and samples in (E), and (F) were fluorinated with Selectfluor.
XPS and NEXAFS spectra for samples fluorinated with Selectfluor are included in S/ Appendix, Figs. S10 and S11. (F) LEED image of a fluorinated surface shows a
2 x 1 pattern, which is consistent with a mixed F/H termination and indicates that the surface is highly ordered. (G) Top: reaction schemes for xanthylation (Left)
and chlorination (Right) reactions. Bottom Left: XPS S 2p spectrum of a xanthylated surface (binding energy = 165 eV). The peak around 170 eV could correspond
to a group containing sulfur in higher oxidation states (30), possibly resulting from the oxidation of the xanthate ester group. Bottom Right: XPS Cl 2p spectrum
of a chlorinated surface.
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We note that such a photochemical Ritter amidation reaction
involving only Selectfluor and nitriles has not been previously
reported for small molecule substrates (SI Appendix, Fig. S32). By
contrast, similar approaches were shown to be effective for func-
tionalization of diamondoids (44) and nanodiamonds (45—47).
These results further highlight a difference in the reactivity of
high-quality, single-crystal diamond surfaces compared with other
structurally analogous diamonds.

We next demonstrated that our surface functionalization strat-
egy is compatible with shallow NV centers with long spin coher-
ence. It has been widely established that coherence properties of

https://doi.org/10.1073/pnas.2316032121

single NV centers depend sensitively on surface termination and
morphology (9, 12, 13, 48). Following previous work (12), we
prepared smooth and low-defect oxygen-terminated surfaces, intro-
duced nitrogen via ion implantation, and annealed to form NV
centers. Next, the samples were hydrogen terminated and subse-
quently subjected to surface functionalization reactions. It has been
observed that hydrogen atom diffusion during hydrogen termina-
tion can lead to NV center passivation (49). To address these chal-
lenges, we explored three methods of hydrogen termination,
including two plasma-based techniques and annealing in forming

gas (SI Appendix, Materials and Methods). While all three methods
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Fig. 3. Amidation of diamond surfaces via a photochemical Ritter reaction. (A) Left: Control experiment scheme for the fluorination reaction in the absence of
the TBADT photocatalyst leading to the identification of C-N bond formation at the surface. Middle: XPS N 7 s spectrum of post-irradiation surface. Right: NEXAFS
N K-edge spectra acquired at different incident X-ray angles relative to the surface after functionalization. The observed angle dependence indicates that the
nitrogen groups are well-oriented on the surface, consistent with covalent C-N bond formation. (B) Examples of amidation reactions with halogenated nitrile

nucleophiles.

(7) Left: Reaction scheme for surface amidation with 3,3,3-trifluoropropionitrile. Midd/e: XPS N 1 s spectrum. Right: XPS F 7s spectrum indicating the

presence of both Cy,mona-F bonds (686 eV) and the trifluoromethyl group (CF;) in the amide (689 eV) (36). (ii) Left: Reaction scheme for surface amidation with
trichloroacetonitrile. Middle Left: XPS N 1s spectrum. Middle Right: XPS Cl 2p spectrum indicating the presence of trichloromethyl groups on the surface. Right:
NEXAFS Cl K-edge spectra acquired at different incident X-ray angles relative to the surface bearing trichloroacetamide groups. (C) Top: Subsequent surface
functionalization via a sequence of hydrolysis and acylation reactions. Bottom Left and Middle: XPS N 7s and F 7s spectra after amidation and acylation reactions.
Bottom Right: NEXAFS F K-edge spectra acquired at different incident X-ray angles relative to a surface bearing pentafluorobenzamide groups.

produced appreciable hydrogen surface coverage (SI Appendix,
Fig. S1), annealing under forming gas was the only method that
was reliably compatible with shallow NV centers. Forming gas
annealing does not produce significant quantities of atomic hydro-
gen that can diffuse readily in the diamond lattice and passivate
NV centers or lead to Fermi-level pinning (49). Furthermore, it
does not etch the surface and therefore does not etch away shallow
NV layers or result in observable changes in surface morphology,
which is a proxy for surface damage (57 Appendix, Figs. S4 and S5).
Additionally, it is well-known that hydrogen termination of
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diamond can lead to charge transfer to surface adsorbates, resulting
in band bending that destabilizes the NV charge state (9). This
band-bending depends on the surface chemistry, nature of surface
adsorbates, and dopant concentration. In this work, we empirically
observed that processing with either oxidizing acids or a
low-temperature oxygen anneal was helpful to stabilize the NV~
charge state after surface functionalization without removing
functional groups (57 Appendix, Fig. S35).

We studied the impact of surface functionalization on NV
center performance by measuring the spin coherence properties
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of shallow NV centers under the modified surfaces. We prepared
three samples: Samples 1a and 1b were cut from the same larger
diamond and processed together to produce “triacid cleaned” sur-
faces with a disordered oxygen termination (12). Sample 1a was
interrogated under this oxygen termination, and Sample 1b was
subjected to additional hydrogen termination followed by fluori-
nation under our photochemical conditions prior to measurement.
Sample 2 was amidated with 3,3,3-trifluoropropionitrile (more
sample information in SI Appendix, Materials and Methods). For
all samples, we measured the Hahn echo coherence time (T,) as
well as the depth (50) for a random selection of NV centers and
observed coherent NV centers within 10 nm of the surface. To
benchmark the impact of surface noise on NV properties, we com-
pared the measured T, as a function of NV depth (Fig. 44). We
found that the spin coherence times for NV centers in Sample 1b
were slightly improved compared to Sample 1a, suggesting the
functionalization procedure did not cause significant additional
surface damage. The improvement in coherence properties between
the triacid cleaned and functionalized samples is comparable to the
improvement after previously reported high-purity oxygen anneal-
ing (12). We also probed the spectral density of the noise bath using
CPMG and XY-8 dynamical decoupling sequences (51). In some
cases, we were able to extend the coherence time to 79.7 ps + 4.3
ps for a NV center with a depth of 8.3 nm + 0.9 nm, demonstrating
shallow NV centers with coherence properties comparable to the
state of the art (e.g. 127.7 ps £ 9.5 ps for a NV center with a depth
of 7.5 nm + 0.3 nm) (12) under functionalized surfaces (Fig. 4B).
We note that some properties of shallow NV centers are worse for
functionalized samples than for state-of-the-art surfaces, including
shorter double quantum and single quantum lifetimes (T))
(SI Appendix, Fig. S38), reduction of T, after long exposure to green
laser illumination, and changing optically detected electron spin
resonance (OD-ESR) contrast under green laser illumination
(SI Appendix, Fig. S39). Improving these parameters is an impor-
tant subject for future work.

The shallow NV center properties we observed enable the detec-
tion of excess noise arising at the Larmor frequency of nuclear spins
within the functional groups attached to the surface. We demon-
strated this functionality using ensembles of shallow NV centers as
a proof-of-principle experiment. The ensemble samples were pre-
pared by implanting with a higher dose of °N (2.5 keV; 2 x 10"
ions/cm?) and annealing to form NV centers. We found that the
dynamically decoupled coherence properties of the ensemble sam-
ples were slightly improved after functionalization (Fig. 4C) and that
our OD-ESR readout contrast was largely preserved (S Appendix,
Fig. $42). This slight improvement may arise from reduced disorder
in the surface terminated with a mixture of hydrogen, fluorine, and
oxygen relative to the fully oxygen-terminated surface, which has
been established to comprise a number of different oxygen species
(12, 52). However, we did observe a reduction in the double quan-
tum T, (S Appendix, Fig. S43) and that the OD-ESR contrast and
charge state properties of NV centers depend sensitively on the
environment and time under green laser illumination (S Appendix,
Fig. S$41).

We used these ensemble samples to detect the statistical polar-
ization of ’F nuclear spins attached to the surface. These nuclear
spins precess at the Larmor frequency determined by their gyro-
magnetic ratio and the applied magnetic field, generating an AC
magnetic signal, which can be detected using correlation spectros-
copy (Fig. 4D) (53, 54). In this experiment, the NV center is
driven with an XY-8 pulse sequence that flips the NV center
synchronously with the Larmor frequency of the "’F 51gnal The
NV center accumulates phase due to noise arising from '°F nuclear
spins during an initial XY-8 block. After this block, a 7/2 pulse
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Fig. 4. NV sensors under functionalized surfaces. (A) Hahn echo coherence
time (T, echo) @s a function of NV center depth under functionalized surfaces.
Samples 1a and 1b are pieces of the same diamond that was implanted and
processed before dicing. Sample 1a was characterized under an “acid cleaned”
oxygen terminated surface (12), while Sample 1b was hydrogen terminated
followed by fluorination and acid cleaning. Sample 2 was functionalized using
the Ritter reaction with 3,3,3-trifluoropropionitrile and subjected to a low-
temperature oxygen anneal. (B) Coherence times with dynamical decoupling
for a single 8.3 nm + 0.9 nm deep NV center in Sample 1b. Increasing the
number of = pulses extends the coherence time to 79.7 ps + 4.3 ps. (0)
Dynamically decoupled coherence times for a shallow NV ensemble in Sample
3 as a function of the number of = pulses. The same sample is interrogated
after oxygen annealing and subsequent fluorination. (D) Diagram of the
NV-NMR sensing sequence. The green wave depicts an oscillating magnetic
field from nuclear spins. The black pulse diagram shows the correlation
sequence used to detect nuclear spins. Two XY-8 blocks allow the NV center
to accumulate phase from '°F nuclear spins. Each block is repeated k times.
The black and white blocks represent n/2 pulses around orthogonal axes. The
time between the blocks, t,, is scanned during the experiment. () Fourier
transform of correlation sequence data (S/ Appendix, Fig. S44) reveals a peak
at the expected frequency for '°F at a magnetic field of 42 mT, arising from
covalently attached fluorine. This dataset was acquired by averaging the time
domain signal for 10 spots on the sample over 5 h and has a signal to noise
ratio of around 10. The magnetic field dependence of the peak position is
consistent with the gyromagnetic ratio of '°F (Inset).

stores the phase information in the amplitude of the NV center.
After a delay time (), a second phase accumulation block occurs.
Scanning the time llaetween the two-phase accumulation blocks
leads to a signal that oscillates at the Larmor frequency of the
nuclear spins.

We performed this experiment on Sample 3, which was fluor-
inated using TBADT and Selectfluor, and detected the magnetic
signal associated with '’E. To optimize photon collection efficiency
while reducing the proton background, the samples were mounted
in deuterated propylene carbonate (SI Appendix, Materials and
Methods). We repeated the XY-8 sequence five times (k = 5) to
optimize sensitivity while suppressing the proton signal. Taking
the Fourier transform of this trace (8] Appendix, Fig. S44) showed
a peak at the "’F frequency (Fig. 4E). The power spectrum of the

"F NMR peak has a linewidth of 25.44 kHz + 2.02 kHz, which
is similar to previously measured linewidths of protons in polymers
(53) and surface-bound fluorine groups (7) (SI Appendix, Fig. S48).
To verify that the signal arose from "’F, we swept the magnetic
field and observed a shift in peak frequency consistent with the
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gyromagnetic ratio of Yp (Fig. 4 E, Inset, also see SI Appendix,
Fig. $45). Finally, we repeated the same ex;)eriment for a non-
functionalized sample and did not detect a YF signal, confirming
the absence of spurious signals from unintentional fluorine con-
tamination sources (SI Appendix, Fig. S47).

Outlook

Here, we have demonstrated a photochemical strategy to directly
functionalize high-quality, single-crystal diamond surfaces that
enables the covalent attachment of sensing targets for NV-based
NMR sensing. The method relies on the HAT activation of inert
C-H bonds to generate highly reactive free radical and carbocation
intermediates, which engage in a range of bond-forming reactions
to install diverse functional groups with surface coverage up to 10%
(1.6 molecules/nm?) under mild conditions. This density of func-
tional groups is a suitable grafting density for actachment of proteins
for single-molecule studies (55). An important avenue for future
work may be to controllably lower the density, by altering the choice
of reagent or reaction conditions. More broadly, we have developed
a reaction discovery pipeline using multimodal spectroscopic char-
acterization that is readily generalizable to other classes of chemistry.
Notably, we have shown that our surface functionalization strategy
is compatible with coherent shallow NV centers and we use NV
centers to detect the Larmor precession of '’F spins that are cova-
lently attached to the diamond surface. Future work includes fur-
ther diversifying the scope of functionalization reactions, in
particular attaching biomolecules, such as proteins and nucleic
acids, to enable nanoscale NMR studies. A further goal will be to
establish that biomolecules and other sensing targets retain their
functionality upon attachment to the surface and remain stable
under optical and microwave excitation conditions during sensing
experiments. An interesting avenue is to explore whether this light-
driven functionalization approach can be used to colocate NV
centers with sensing targets, perhaps through a FRET-based func-
tionalization scheme involving excitation by NV fluorescence.
Combining with advances in sensing protocols (56, 57) or biophys-
ical techniques (58), this experimental capability has the potential
to probe the magnetic signature of small ensembles of biomolecules,
down to the single-molecule regime, enabling novel studies of
dynamic structural changes in individual biomolecules.

Materials and Methods

General Information.
Sample preparation for reaction discovery. All diamond samples in this work
were purchased from Element Six and are single crystal samples grown by chem-
ical vapor deposition. Standard-grade samples with (100) surfaces were used for
reaction discovery and testing different hydrogen termination procedures. These
samples were prepared with smooth surfaces following previous work (12) prior
to being subjected to various hydrogen termination and functionalization proce-
dures. For the purposes of reaction discovery, we treat the hydrogen-terminated
surface as the starting condition before subjecting samples to reactions.
Surface spectroscopy measurement details. XPS data were acquired at normal
incidence using a Thermo Fisher K-Alpha XPS and X-ray spectrometer tool with
an aluminum anode (1,486.8 eV) and a 250 pum spot size. Aflood gun was used
to mitigate issues with sample charging. All XPS data were processed by shifting
the binding energy based on C 7s sp® reference (284.8 eV) and normalized to
the sum of the total signal collected in the survey scan to account for focusing
variation. This tool did not have the capability to perform in situ annealing so
contributions of adventitious carbon and water from the atmosphere are expected
to contribute to C 7sand O 7s signals.

All AFM images were taken with a Bruker Icon3 tool operating in tapping mode
(AFM tip from Oxford Instruments Asylum Research, part number AC160TS-R3,
resonance frequency 300 kHz). Error values for average roughness (R,) were
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computed by dividing the image into quadrants, computing the R, for each
quadrant, and then calculating the SD of those values.

LEED images were acquired using a OCl Vacuum BDL-450 w/ Z-translation
(190 mm + 10 mm WD) installed in a custom ultra-high vacuum chamber. The
spectra in this work were collected with approximately 252 eV beam energy.

NEXAFS spectra were collected using the polarized soft X-ray sources at both
the Australia Synchrotron as well as the SST-1 and SST-2 beamlines at NSLS-II,
Brookhaven National Lab. In all cases, the data were collected in partial electron
yield (PEY) mode. Aflood gun was used to mitigate sample charging.

The N K-edge measurements shown in Fig. 34 and S/ Appendix, Fig. 520 and
the F K-edge measurements shown in Fig. 2B and S/ Appendix, Figs. S10 and
520 were collected at the Australia Synchrotron in the high-throughput system.
This system had a base pressure of 10™" mbar and used a retarding grid detector.
The retarding grid bias was setto-100V and -550 Vfor N and F K-edge measure-
ments, respectively. The C K-edge measurements shown in S/ Appendix, Fig. S2
were collected at the Australia Synchrotron in the Prevac endstation with a base
pressure of 107" mbar.

For SST-1 and SST-2 measurements, data were collected using channeltron
electron multipliers. Energy selection was accomplished using a variable line
spacing plane grating monochromator at SST-1 and a double Si (111) crystal
monochromator at SST-2. The N K-edge and O K-edge measurements shown
in SI Appendix, Fig. S30 were collected at SST-1 with the entrance grid bias set
to -280 V and -400 V, respectively. The F K-edge and C K-edge measurements
shown in Fig. 3C in the main text and S/ Appendix, Fig. S35 were collected at
SST-1 with an entrance grid bias of -550 Vand -150V, respectively. All Cl K-edge
measurements shown in this work were collected at SST-2 and the entrance grid
bias set between -1,800 Vand -2,000 V.

The NEXAFS data were processed by first normalizing to the total intensity of
the incident beam which was measured by the drain current off a gold grid (I,).
Data acquired at the Australia Synchrotron were "double normalized” to a signal
from a photodiode in the end chamber after dividing the photodiode signal by
the corresponding . Next, the average value of the PEY signal from the pre-edge
region was subtracted. For some datasets, the pre-edge PEY signal was fit to a
linear function and this was subtracted instead of the mean value. Finally, the
data were normalized to the average PEY signal in the post-edge region. Photon
energy for datasets acquired at SST-1 were shifted based on a reference energy
calibration. Photon energy for datasets acquired at the Australia synchrotron were
shifted based on C K-edge features (sp® peak, diamond exciton peak) such that
they aligned with SST-1 datasets that were shifted based on the measured energy
reference. Cl K-edge datasets acquired at SST-2 were not shifted.

Hydrogen-Terminated Diamond Surface Preparation. In this work, three
methods of hydrogen terminating (100) diamond surfaces were used. Details
of surface characterization for samples prepared with the different methods can
be found in S/ Appendix.

“As grown” plasma. The samples were processed in a CVD diamond growth cham-
ber. Notably, this procedure etches and regrows the top few microns of material. The
procedure has been described previously (13), butwe provide a brief description for
completeness. Diamond growth and termination was conducted in a “clamshell”
type Seki reactor (Seki SDS 6500 with a palladium-based hydrogen purifier) under a
hydrogen plasma at85Torr(1.1 x 10" Pa)and 4,500 W. The growth step consisted
of exposure to 4% methane for 5 min followed by a hydrogen termination step (no
methane addition) for about 3 min with microwave power decreased to 3,200 W.
The sample temperature is approximately 700 °C at plasma extinction.

“Gentle” plasma. The goal of this procedure was to use a plasma to gently ter-
minate the surface without etching or removing material. The termination was
done in a SEKI AX6300 chemical vapor deposition diamond growth chamber
with a base pressure of 2 x 10 Pa. After loading the sample, the hydrogen
plasma was initiated with an RF power of 750 W and a flow rate of 400 sccm and
a corresponding pressure of 25 Torr (3.3 x 10° Pa). Over a duration of 5 min, the
sample temperature was gradually elevated to 800 °C. Subsequently, the sample
was held at 800 °Cfor (15 to 50) min before undergoing a controlled temperature
reduction to 200 °C over a period of 20 min. To mitigate hydrogen dissociation
during the cooling process, the plasma settings were adjusted to a reduced RF
power of 400 W, a flow rate of 30 sccm, and a pressure of 3.5Torr (0.5 x 10° Pa).
The plasma was deactivated upon reaching the target temperature of 200 °C
following a 20-min cool-down period.
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Hydrogen annealing. Adapted from literature reports of producing hydrogen-
terminated single crystal diamond by annealing under pure hydrogen gas (59),
hydrogen-terminated diamonds were produced by annealing under an atmos-
phere of forming gas (5% H,, 95% Ar, Airgas X02AR95C3000993) in a tube fur-
nace (Thermo Scientific Lindberg/Mini Mite). This same procedure was used in
another recent work (60). The sample was heated to 100 °C over 1 h, held at 100 °C
for 2 h for degassing, ramped to 800 °C over 2.5 h, and held at 800 °Cfor 72 h. In
the course of developing this procedure, annealing durations ranging from 24 h to
2 wk were used with similar results. The majority of the samples in this work were
annealed for 72 h for consistency. The setup consisted of a tube fumace with a quartz
tube, a mass flow controller to control the flow rate, and a bubbler with mineral oil
at the output of the furnace to isolate the chamber from atmosphere. The forming
gas was filtered before entering the furnace (SAES MC1-203F). The samples were
loaded in a high-purity alumina boat purchased from CoorsTek.

Cleaning Procedures for Post-Functionalization Diamond Samples. A key
challenge with using XPS for reaction discovery is that insufficient cleaning after
the reaction can lead to spurious XPS results arising from nonspecific binding
(S1 Appendix, Fig. S6). We addressed this issue by developing a thorough cleaning
procedure to remove contamination while leaving surface-bonded functional groups
intact. Typically, samples were first sonicated in the solvent of the reaction, heated
them to 50 °C in dimethyl sulfoxide (DMSO) for 1 h, and then sonicated them for
20 minin each of the following: N-methylpyrrolidone (NMP) or DMSO, chloroform,
deionized (DI) water, acetone, and isopropyl alcohol (IPA). This solvent sequence was
adjusted based on the stability of various functional groups. XPS was then used to
check for the presence of the heteroatom associated with a particular functional
group and the absence of other contaminants from the reaction (S/Appendiix, Figs. S7
and S8). Additionally, since physisorbed contaminants rarely result in an evenly
distributed monolayer, AFM was used to survey dried contamination on the surface
(S1 Appendix, Fig. S9). The cleaning procedure and surface analysis were routinely
repeated to check for consistency in the XPS results through several cleans.

Surface Functionalization Reactions.

General information. Purple Kessil lamps used in this work are Kessil H150B LED
Grow Light (390 and 456 nm) purchased from Kessil. All reactions were carried
out in well-ventilated fume hoods. Gas chromatography (GC) was performed on
an AgilentTechnologies 7890A GC system equipped with a split-mode capillary
injection system and flame ionization detectors. N-(tert-butyl)-N-chloro-3,5-
bis(trifluoromethyl)benzamide and N-(tert-butyl)-N- ((ethoxycarbonothioyl)
thio)-3,5-bis(trifluoromethyl)benzamide reagents that were used in chlorination
and xanthylation reactions were synthesized according to previous reports (31,
32). Other reagents and solvents are commercially available.

Photochemical fluorination reaction procedure. A hydrogen-terminated,
single-crystal diamond sample (2 mm x 2 mm)was added to a 1-dram vial along
with a magnetic stir bar, tetra-n-butylammonium decatungstate (10 mg), and
the fluorinating reagent (e.g., N-fluorobenzenesulfonimide (NFSI) or Selectfluor)
(100 mg). The reaction mixture was degassed and backfilled with argon three
times, after which 0.5 mL of dry acetonitrile was added. The reaction was then
stirred at room temperature for 48 h under the irradiation of 390 nm purple Kessil
lamps and kept near room temperature using fans. At the end of the reaction, the
diamond sample was thoroughly washed using the cleaning procedure described
above and dried using a nitrogen spray gun before characterization.
Chlorination reaction procedure. A hydrogen-terminated, single-crystal dia-
mond was added to a 2-dram vial along with a magnetic stir bar, N-(tert-butyl)-
N-chloro-3,5-bis(trifluoromethyl)benzamide (50 mg), and cesium carbonate (47
mg). The reaction mixture was degassed and backfilled with argon three times,
afterwhich 0.4 mLof anhydrous benzene was added. The reaction was then stirred
for 24 h under the irradiation of 456 nm blue Kessil lamps. The reaction temper-
ature was maintained at approximately 65 °C over the course of the reaction by
the heat produced by the lamps; no fans were used. At the end of the reaction, the
diamond sample was thoroughly washed using the cleaning procedure described
above and dried using a nitrogen spray gun before characterization.
Xanthylation reaction procedure. A hydrogen-terminated, single-crystal dia-
mond was added to a 2-dram vial along with a magnetic stir bar and N-(tert-
butyl)-N-((ethoxycarbonothioyl)thio)-3,5-bis(trifluoromethyl)benzamide (170
mg). The reaction mixture was degassed and backfilled with argon three times,
after which 0.4 mL of anhydrous trifluorotoluene was added. The reaction was
then stirred at room temperature for 24 h under the irradiation of 456-nm blue
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Kessil lamps. The reaction temperature was maintained near room temperature
overthe course of the reaction using fans. At the end of the reaction, the diamond
sample was thoroughly washed using the cleaning procedure described above
and dried using a nitrogen spray gun before characterization.

Photochemical procedure for C-N bond formation. A hydrogen-terminated,
single-crystal diamond sample (2 mm x 2 mm) was added to a 1-dram vial
along with a magnetic stir bar and Selectfluor (100 mg). The reaction mixture
was degassed and backfilled with argon three times, after which 0.4 mL of
degassed nitrile reagent was added. Examples of nitrile reagents include ace-
tonitrile, trichloroacetonitrile, and 3,3,3-trifluoropropanetrile. The reaction was
then stirred at room temperature for 48 h under the irradiation of 390 nm purple
Kessil lamps and kept near room temperature using fans over the course of the
reaction. Atthe end of the reaction, the diamond sample was thoroughly washed
using the cleaning procedure described above and dried using a nitrogen spray
gun before characterization.

Hydrolysis reaction procedure. A diamond sample with an amide-terminated
surface, which was obtained after the Ritter reaction, was added to a 2-dram vial
along with a magnetic stir bar and potassium hydroxide (56 mg). DI water (0.4
mL) was added and the reaction mixture was stirred under an inert atmosphere
at 90 °Cfor 24 h. Atthe end of the reaction, the diamond sample was thoroughly
washed using the cleaning procedure described above and dried using a nitrogen
spray gun before characterization.

Acylation reaction procedure. A diamond sample with an amine-terminated sur-
face, which was obtained after the hydrolysis reaction, was added to a 2-dram vial
along with a magnetic stir bar. The vial was then degassed and backfilled with Ar
three times. Next, anhydrous dichloromethane (0.3 mL), pyridine (30 uL), and acyl-
ation reagent (0.1 mL) were added. The vial was then sealed, placed under an inert
atmosphere, and stirred at room temperature for 24 h. Atthe end of the reaction, the
diamond sample was thoroughly washed using the cleaning procedure described
above and dried using a nitrogen spray gun before characterization. Examples of
acylation reagents include pentafluorobenzoyl chloride, 3,5-bis(trifluoromethyl)
benzoyl chloride, and heptafluorobutyric anhydride (S/ Appendix, Fig. S28).

Additional Processing for Samples Containing NV Centers. "Triacid clean”:
the sample was subjected to a refluxing mixture of sulfuric, perchloric, and nitric
acidsina 1:1:1 volumetric ratio for 2 h.

Low temperature oxygen anneal: Samples were placed in a tube furnace and
subjected to high-purity oxygen gas. The furnace was first to 100 °C over 1h, held
at 100 °C for 2 h for degassing, ramped to 300 °C over 2 h, and held at 300 °C
for 3.5 h before shutting off the furnace.

Single NV Center Measurements.

Single NV measurement details. The details of our single NV measurement
setup have been published elsewhere (12, 61). Single NV center measurements
were performed on a home-built confocal microscope (SI Appendix, Fig. S37).
NV centers are excited by a 532 nm optically pumped solid state laser (OPSL,
Coherent Sapphire) which is modulated with an acousto-optic modulator (AOM).
The beam is scanned using galvo mirrors and projected into an oil immersion
objective (Nikon, Plan Fluor 100x, NA = 1.30) with a telescope in a 4f config-
uration. Laser power at the back of the objective was kept between (60 to 100)
uW, approximately 25% of the saturation power of a single NV center, in order to
avoid irreversible photobleaching. Adichroic beamsplitter separates the excitation
and collection pathways, and fluorescence is measured using a fiber-coupled
avalanche photodiode (Excelitas SPCM-AQRH-44-FC). A neodymium permanent
magnet was used to introduce a DC magnetic field for Zeeman splitting and the
orientation of the magnetic field was aligned to within 1° of the NV center axis
using a goniometer.

Spin manipulation on the NV center was accomplished using microwaves.
The output of a signal generator was gated with fast SPDT switches (Mini-Circuits
ZASWA-2-50DR+) before being amplified by a Mini-Circuits amplifier (ZHL-16-
W-43+).The signal was then delivered to the sample via a coplanar stripline. The
stripline was fabricated by depositing 10 nm Ti, 1,000 nm Cu, and 200 nm Au
on a microscope coverslip at a commercial facility. Following metallization, the
stripline was photolithographically defined and etched with gold etchant and
hydrofluoric acid. Finally, a 100 nm layer of Al,0; was deposited on top of the
fabricated stripline via atomic layer deposition (ALD) to protect the metal layer.
Pulse timing was controlled with a Spincore PulseBlaster ESR-PRO500 with 2
ns timing resolution.
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Coherence time measurements for samples 1a and 1b were collected at 190
mTand NV depth measurements were performed around 27 mT. Coherence time
and depth measurements for Sample 2 ("C enriched) were collected at 46 mT. For
all samples, depth measurements were estimated using the NMR proton signal
from microscope immersion oil, following the protocol outlined in previous work
(50).The dataset shown in Fig. 4B used the CPMG sequence for (1 to 4) & pulses
and the XY-8 sequence for (8 to 40) & pulse measurements. Double quantum and
single quantum lifetime (T,) measurements were conducted at low field (3 mT).
Single NV center sample preparation. All samples were purchased or obtained
from Element Six.

Sample 1a: An electronic grade single crystal (denoted as ELSC by Element
Six) grade sample purchased from Element Six with a natural abundance of *C
nuclear spins. The sample was implanted with a low density of "°N (3 keV, 10%/cm?,
0° tilt) and annealed to form NV centers. Prior to measurement, the sample was
oxygen annealed and then "reset” with another 800 °C anneal in a vacuum tube
furnace. The activation, oxygen, and reset anneals followed procedures outlined
in previous work (12).The activation and reset annealing procedures produce NV
centers with comparable coherence properties (12).

Sample 1b: An ELSC grade sample cut from the same larger diamond as
Sample 1a. The two samples were implanted with the same ion implantation
parameters and processed together (subjected to activation anneal, oxygen
anneal, reset anneal). The sample was then subjected to anneal in forming gas
(24 h anneal) followed by the direct fluorination reaction and an acid clean.

Sample 2: An ELSC grade sample with an isotopically purified '°C layer. The
surface was "as grown" (i.e., was not subjected to polishing or etching). This sam-
ple was implanted with low dose "N ions to form single NV centers (1.5 keV, 10%/
cm?,0°tilt) and annealed in a vacuum tube furnace to 800 °C to form NV centers.
The sample was then subjected to a 72 h anneal in forming gas, functionalized
using the Ritter reaction with 3,3,3-trifluoropropionitrile, and then subjected to
a low-temperature oxygen anneal prior to NV measurements.

NV Ensemble Measurements.

Ensemble measurement details. A home-built single-center scanning confocal
microscope was modified for wide-field ensemble measurements (S Appendix,
Fig. S40). This allowed the excitation of a large number of NV centers at once,
boosting the sensitivity for proof-of-principle sensing experiments. Most notably,
ensemble experiments require higher laser power, a change in optics to excite
a large spot size, and a different type of photodetector that can detect higher
amounts of fluorescence.

NV centers were excited using a 532 nm green laser (Lighthouse Photonics,
Sprout-H-5W). The laser output was set to T W, which corresponded to approxi-
mately 300 mW before the dichroic. The diameter of the laser beam was reduced
with a telescope before entering the AOM. After the AOM, a polarizer was used to
rotate polarization to maximize the NV signal from the NV centers that are aligned
along the magnet axis. Next, a telescope expanded the beam and the beam width
was adjusted based on the desired spot size on the diamond. An iris was placed at
the focal plane of the first telescope lens to spatially reject the other modes of the
AOM.The aperture of this iris was adjusted to allow for an appropriate extinction
ratio, following previous widefield experiments (62). Next, a lens focused the
green laser on the back focal plane of the objective. The distance between this
lens and the objective was adjusted such that the light coming out of the objective
was approximately collimated. The spot size on the sample is determined by the
beam diameter going into the focusing lens, the length of the focusing lens,
and the effective focal length of the objective. In our setup, the spot size can be
most easily tuned by changing the telescope lenses before the focusing lens. NV
fluorescence was collected by an oil immersion objective with 100x magnifica-
tion and 1.3 NA (Nikon N100x-PFO) and separated from green excitation by a
short pass dichroic (Thorlabs DMSP550). This dichroic was chosen to reflect both
NV® and NV~ fluorescence. Microscope immersion oil (Nikon, Type N) was used
between the objective and coverglass and the front aperture of the objective
was routinely cleaned. In the collection path, a removable mirror mount allowed
emission from both charge states to be studied on a spectrometer by passing the
emission through a 532 nm notch filter (Semrock NFO3-532E-25) onto a reflective
collimator with a fiber coupler. This proved useful for troubleshooting charge state
changes under green laser illumination. With the mirror mount removed, the
emission was focused onto an analog photodetector (Thorlabs APD410a). Before
the photodetector, a 532 nm notch filter (Semrock NFO3-532E-25) and a 647 nm
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long pass filter (Semrock BLPO1-647R-25) removed remaining green excitation
and filtered out NV® emission. The output of the photodetector was connected
to an analog input of a DAQ (National Instruments, PXle-6363) for readout. The
readout approach and optimization followed the methodology outlined in pre-
vious widefield experiments (62).

Microwave spin manipulation as well as experiment timing and control was
accomplished using the same hardware used in single NV measurements.

Ensemble coherence time measurements were acquired at a bias magnetic
field around 41 mT. The dataset shown in Fig. 4C used the Hahn echo CPMG
sequence for one x pulse and the XY-8 sequence for (8 to 240)  pulse measure-
ments. ""FNMR sensing experiments were performed between 35 mTand 42 mT.
Lifetime (T,) measurements were conducted at low field (approximately 3 mT).
NV ensemble sample preparation. All samples were purchased or obtained
from Element Six.

Sample 3: An ELSC sample that was cut from the same diamond as Sample
2 after low density ion implantation and activation annealing. Next, the sample
was implanted with higher dose (2.5 keV, 2 x 10"%/cm?, 7° tilt) and annealed to
800 °Cinavacuum tube furnace to form NV centers. The sample was then oxygen
annealed following the procedure established in previous work (12), hydrogen
annealed, and subjected to the direct fluorination reaction.

Sample 4: An ELSC grade sample with an isotopically purified '*C layer. The
surface was "as grown" (i.e., was not subjected to polishing or etching). This sam-
ple was implanted with low dose "N ions to form single NV centers (1.5 keV, 10%/
cm?, 0° tilt) and annealed to form NV centers. Next, the sample was implanted at
ahigherdose (2.5 keV, 2 x 10™2/cm?, 7° tilt) and annealed to 800 °Cin a vacuum
tube furnace to form NV centers.

NV-NMR Experiment. NV-NMR experiments were performed with the
sample mounted in deuterated propylene carbonate (Cambridge Isotopes
DLM-1279-1). This was chosen because it has a similar index of refraction to
oil, led to favorable NV charge state properties (S/ Appendix, Fig. S41), did not
cause fluorescence features that overlapped with the NV spectrum of interest,
and is commercially available in deuterated form. Furthermore, the deuterated
solvent helps to reduce the background proton signal. Since proton and fluorine
nuclear spins have similar gyromagnetic ratios, their signals appear near each
other in an NMR spectrum. In this experiment, the goal was to detect a small
fluorine signal from our functionalized layer, so it was helpful to minimize the
background proton signal.

Data were collected by scanning the free precession time (t,) from 256 ns to
32.256 ps in 800 steps. Example time domain data are shown in S/ Appendix,
Fig. S44. For the data shown in the main text (Fig. 4E), the data were zero filled out
10 96.256 ps prior to taking the fast Fourier transform (FFT). The time in between
7 pulses within XY-8 blocks for the data shown in main text Fig. 4F was 296 ns.

The signal-to-noise ratio (SNR) is calculated by finding the amplitude of the
datapoint nearest to the expected fluorine frequency, subtracting the baseline,
and dividing by the SD of the noise floor. The NMR dataset shown in the main text
(Fig. 4E) had an SNR of 13 before zero filling and 9 after zero filling.

Disclaimer. Certain commercial equipment, instruments, or materials are iden-
tified in this paper in order to specify the experimental procedure adequately,
and do not represent an endorsement by the National Institute of Standards and
Technology.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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