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1. INTRODUCTION

Nanoscale diamonds have attracted much recent interest for
their potential application1�4 in areas ranging from quantum
computing5,6 to drug delivery7�12 and medical imaging.13�15

Many of these applications take advantage of the attractive NMR
or EPR properties of diamonds in general, and nitrogen-vacancy
(NV)-centered diamonds in particular. In general, pure dia-
monds have very long 13C relaxation times due to the ordered
carbon lattice and the low natural abundance of 13C.16,17 On the
other hand, many defect sites arising either naturally or through
intentional implantation of defects in diamonds supply unpaired
electrons, which will shorten these nuclear relaxation times. The
most common natural paramagnetic defects in diamonds include
sp3-type dangling bonds on carbons, and single nitrogen sub-
stitutions known formally as P1 (or N0) centers. In such defects a
nitrogen atom takes the place of one of the carbons in the
diamond lattice and forms a long bond with one of its four carbon
neighbors, containing an unpaired antibonding orbital, as well as
a full bonding orbital. Another common defect involves P2
centers, consisting of a vacancy surrounded by three nitrogen
substitution sites, again with an unpaired electron on a carbon
adjacent to the vacancy. Also possible are N3 centers containing
both nitrogen and oxygen. The nitrogen is bound to three
carbons with its fourth sp3 orbital containing a lone pair, whereas
the neighboring oxygen is bound to two carbons with two lone
pairs in its remaining orbitals. This results in an unpaired
electron, again formally located on a carbon adjacent to the
defect site. Finally, another kind of defect is the NV color center,
consisting of a substitutional nitrogen adjacent to a vacancy in the
carbon lattice.18 These NV centers in particular have been the

subject of much recent interest and study.19�39 Of the six
electrons in the resulting dangling bonds, two are unpaired,
leading to a spin triplet. The energy levels of the NV center
consist of a 3A ground state with a splitting of ∼2.87 GHz
between the ms = 0 and (1 sublevels, a 3E excited state, and a
metastable 1A state. Electrons can be excited from the ground
state to an excited state by irradiation with visible light at
532 nm. These excited electrons can relax back to the ground
state either directly, or through a metastable 1A dark state from
which the electrons can only decay further into the ms = 0
sublevel of the ground state. This in turn can lead to a selec-
tive population of this sublevel.40 The ease with which these
optical procedures can produce electronic hyperpolarization
has opened a number of unique opportunities, particularly
because this constitutes one of the few systems enabling the
achievement of nearly full spin polarization at room tempera-
ture. Optical pumping of NV defect centers has permitted
a number of unique optically pumped magnetic-resonance
experiments, including the detection of a single electro-
nic spin,23�26,41�43 uses in quantum computing,27�32,44,45 as
sensitive magnetometers,25,33�37 and for nanoscale biological
imaging.38,39

Systems such as these ones, possessing ensembles of unpaired
hyperpolarized electrons, also have potential use in the dynamic
nuclear polarization (DNP) of nuclear spins. This is a technique
that over the last years has gained increased popularity in the
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ABSTRACT: This work examines several polycrystalline dia-
mond samples for their potential as polarizing agents for
dynamic nuclear polarization (DNP) in NMR. Diamond sam-
ples of various origin and particle sizes ranging from a few
nanometers to micrometers were examined by EPR, solid-state
NMR and DNP techniques. A correlation was found between
the size of the diamond particles and the electron spin�lattice
relaxation time, the 13C nuclear spin�lattice relaxation times in
room temperature magic-angle-spinning experiments, and the
ability of the diamond carbons to be hyperpolarized by irradiat-
ing unpaired electrons of inherent defects by microwaves at
cryogenic temperatures. As the size of the diamond particles
approaches that of bulk diamond, both electron and nuclear
relaxation times become longer. NMR signal enhancement through DNP was found to be very efficient only for these larger size
diamond samples. The reasons and implications of these results are briefly discussed, in the light of these EPR, DNP, and NMR
observations.
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nuclear magnetic resonance (NMR) field,46 and which refers to
the transfer of electron polarization to a bulk nuclear reservoir in
order to enhance the spin polarizations, and hence the intensities,
of the NMR signals. Typically, this polarization transfer takes
advantage of a large electron spin polarization, achieved due to a
combination of (i) the fact that separation among the electron
spin energy levels is ca. 3 orders of magnitude larger than that of
the nuclear energy levels and (ii) a favorable Boltzmann dis-
tribution usually achieved by low-temperature operation.47 The
ensuing transfer can be effected by irradiating the electron with
microwaves in the neighborhood of their Larmor frequencies;
once hyperpolarized in this manner, an enhanced nuclear NMR
signal can be obtained either in the irradiated solids, or in liquids
after sudden melting of the targeted sample.48�50 Thus far a
limited number of radicals have found widespread use in either
kind of DNP experiments, including 1,3-bis-(diphenylene)-2-
phenylallyl (BDPA), trityl derivatives, 2,2,6,6-tetramethyl-1-pi-
peridinyloxy (TEMPO), or biradicals composed of some com-
bination of these.51 Also paramagnetic defects in diamond,
primarily P1 and P2 centers, have been used to polarize the
13C in the diamond lattice for NMR detection, at relatively low
fields (0.0875, 0.35, and 1.4 T) and room temperatures.52�55

Still, in most instances, reaching significant enhancements in
nuclear polarization have demanded either low-temperature
operations and/or the use of relatively high fields and thereby
challenging microwave setups. It has been shown, however, that
some special systems could allow one to generate high electron
polarizations without having to rely on these challenging cryo-
genic and/or high-field setups. These include photoexcitable
triplet states in organic molecular crystals,56�62 chemically
induced dynamic nuclear polarization phenomena,63�65 and
optical pumping of certain gases,66�68 of semiconductors,69�72

and of the above-mentioned NV-centered diamonds and
nanodiamonds.31,73 In many of these instances, reports have
also been made on how the electron hyperpolarization could be
transferred to nearby nuclei and exploited in hypersensitive
NMR observations. Particularly attractive in this respect have
been the NV-centered nanodiamond experiments reported by
the Berkeley group,20 as NV centers represent a special kind of
system that could in principle be hyperpolarized at room
temperature and low magnetic fields. NV centers have been
optically polarized and detected using fluorescence detected
magnetic resonance (FDMR) in very accessible magnetic fields,
with up to 80% electron spin polarizations reported.74 Polariza-
tion of electrons in these diamond samples has also been passed
on to bulk 13C by directly pumping the optical transition of the
NV center; it is postulated that this polarization transfer from the
unpaired electron to the bulk 13C nuclei is mediated by spin
diffusion effects.20

In this work, we examine further the prospects of relying on
various inherent paramagnetic centers in diamonds to hyperpo-
larize nearby 13C nuclei. Nanoscale or smaller diamond-like
particles containing high concentrations of paramagnetic defects
may be useful as polarizing agents or tracers for in vivo hyperpo-
larized NMR experiments. In this respect, it is important to
understand the DNP behavior of the paramagnetic defects
contained in diamonds as the nanoscale size regime is approached.
To this end we have used a commercial hyperpolarizer operating
at high fields and cryogenic temperatures and performed nuclear
DNP by microwave irradiation at “forbidden” transition frequen-
cies given by (electron ( nuclear) Larmor frequencies. We
explored a number of different micrometer- and nanoscale
diamonds, with roughly the same density of unpaired electrons.
We found a size-dependence of these samples’ hyperpolarizing
abilities, and employed EPR and high resolution solid state 13C
NMR to further understand this behavior.

2. EXPERIMENTAL SECTION

Six diamond and nanodiamond samples were considered; a
short description of each one is listed in Table 1. The first sample,
C-DND (commercial detonation nanodiamond), is a nano-
diamond powder produced at Gansu Lingyun Nano-Material
Co. Ltd., Lanzhou, China, purified by oxidizing of raw detonation
soot with hot nitric acid. Sample P-DND (purified detona-
tion nanodiamond) was a loosely aggregated powder pre-
pared by evaporating water from the colloidal solution of
disintegrated purified nanodiamond of the C-DND origin,
received from the NanoCarbon Research Institute, Shinshu
Universtiy, Nagano, Japan. Sample SP-DND (super-purified
detonation nanodiamond) was manufactured at the Ioffe Physi-
cal-Technical Institute, St. Petersburg, Russia, from an initial
industrial detonation nanodiamond powder by repeatedly pur-
ifying it in boiled hydrochloric acid and then washing in boiled
water as described in refs 75 and 76 for the removal of iron-
containing complexes and of other para- and ferro-magnetic
impurities. Sample GH-DND (graphite-hexogen detonation
nanodiamond) was manufactured at the International Technol-
ogy Center, Raleigh, NC, U.S.A., from a mixture of graphite and
hexogen. This sample’s average grain size is estimated at approxi-
mately 30 nm from SAXS measurements and at 9.6 � 13.6 nm
from the XRD pattern (by the Debye�Scherrer formula).
This type of nanodiamond shows larger grain sizes than those
typical for DND (∼4�6 nm). Sample LA-ND (laser-ablation
nanodiamond) is a nanodiamond fromRay Techniques Ltd., with
grain size of 100�300 nm, prepared from carbon soot by laser
ablation and cleaned by flotation methods in deionized water.
Sample SD (synthetic diamond) was manufactured at the Ioffe

Table 1. Description and 13C T1 Relaxation Times of Polycrystalline Diamond Samples

13C T1 relaxation time (s)

sample description approximate particle size inversion recovery saturation recovery

C-DND as-received commercial detonation nanodiamond 4�5 nm 0.40 0.455

P-DND purified detonation nanodiamonds, loosely aggregated powder 4�5 nm 0.80 0.377

SP-DND superpurified and deaggregated nanodiamonds 4�5 nm 1.1 0.615

GH-DND polycrystalline nanodiamonds prepared from a mixture of graphite and hexogen 10�30 nm 6.1 1.871

LA-ND nanodiamond prepared by laser-ablation from carbon soot 100�300 nm 381

SD synthetic diamond prepared by high-pressure, high-temperature technique microns 466
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Physical-Technical Institute, St. Petersburg, Russia, by a high
pressure�high temperature (∼5 GPa and 1200�1700 �C)
method, using Ni�Mn and fullerenes catalysts, followed
by the chemical extraction of the nanodiamonds from the
obtained product and purification.

Room temperature (T = 295 K) EPR measurements were
done on a Bruker EMX-220 X-band (ν = 9.4 GHz) spectrometer
equipped with Agilent 53150A frequency counter. Bruker’s
WIN-EPR/SimFonia as well as OriginLab software were used
for processing and simulation of EPR spectra. Evaluation of
electron spin�lattice and spin�spin relaxation times for the
paramagnetic centers found in samples under study was done
using continuous microwave power saturation method. Satura-
tion dependencies of peak-to-peak intensities were measured for
the singlet 2.0028 line (all DND samples) and the central g =
2.0026 line (LA-ND and SD samples). Densities of paramagnetic
centers Ns were determined by comparison with known Ns for
the SP-DND sample.76

Dynamic nuclear polarization of the 13C in diamond samples
was achieved by irradiating the samples with microwaves using a
3.35 T Oxford Instruments Hypersense polarizer. For each
diamond sample, between 16 and 165 mg of the solid was placed
in a home-built 5-mm solids probe designed for the Hypersense.
NMR experiments were done inside the 3.35 T magnet (i.e.,
without dissolution and transfer to a higher-field NMR magnet)
using this probe, which was connected to a Varian Inova console
running VNMR software. The carbon frequency at this field was
35.8813 MHz. Experiments were carried out at 1.9 K. The
microwave frequency was swept from 93.975 to 94.025 GHz to
find the optimummicrowave frequency for each sample. Buildup
of nuclear polarization under microwave irradiation was followed
using small tip angle pulses (10�26�). Similar buildup curves
were recorded in the absence of microwave irradiation to
determine the buildup of thermal equilibrium magnetization.

Solid-state 13C magic-angle-spinning (MAS) NMR spectra
and relaxation times were measured at room temperature (25 C)
on a Varian NMR spectrometer operating at a carbon frequency
of 150.83 MHz and running VNMRJ 2.3A software. Sam-
ples were packed into 4 mm rotors and spun at 10 kHz using a
Varian MAS probe, with the exception of the sample LA-ND,
which was spun at 30 kHz using a 1.6mmVarianMAS probe, and
sample GH-DND, which was spun at 10 kHz using a 3.2 mm
Varian MAS probe. Simple single-pulse experiments were
recorded, as no difference was noted from the use of hetero-
nuclear decoupling. To ensure a better coil filling factor, Teflon
spacers were utilized in these 13CMASNMRmeasurements; due
to the Teflon caps, spectra were corrected by subtracting from
them the spectra of an empty rotor collected under the same
experimental conditions. For theT1measurements, the inversion�
recovery pulse sequence (180�τ�90�acquire) was used, and
the resulting signal intensities were fitted to stretched expo-
nentials.77 13C T1 measurements were also made using saturation-
recovery experiments.

3. RESULTS

The room temperature solid-state 13C NMR spectra of the six
samples examined in this study are presented in Figure 1(a). All
of the samples show a peak around 35 ppm attributed to carbons
in a regular diamond lattice, for some samples a shoulder on the
high field side of this sharp peak. A similar shoulder on the high
field side of the sp3 carbon peak in purified nanodiamonds was

observed by Dubois et al78 and Belobrov et al.79 We do not,
however, observe the low-field tail observed by Fang et al80 and
attributed to disordered carbon atoms on the nanodiamond
surface. Samples C-DND, P-DND, and SP-DND also show an
artificial peak at 110 ppm, arising due to Teflon contributions
from the sample caps. This signal is usually not seen in cross-
polarization MAS NMR experiments, but it can be seen in the
13C one-pulse experiments shown here. To correct for this
artificial peak, spectra were taken of an empty rotor with Teflon
sample caps, under the same experimental conditions. The
spectra of the empty rotor have been subtracted from the spectra
shown in Figure 1a for samples C-DND, P-DND, and SP-DND.
The absence of this signal in the SD sample is probably due to the
larger sample amounts, and hence higher sensitivities, associated
to these measurements; for samples LA-ND and GH-DND,
different rotors were used. Room-temperature 13C T1 measure-
ments were made using an inversion�recovery pulse sequence
and fitted to stretched exponentials. The 13C T1 values are listed
in Table 1 and increase with increasing particle size. Levin et al81

also report that the 13CT1 values in nanodiamonds aremore than
3 orders of magnitude shorter than the T1’s of microdiamonds.

Representative room temperature EPR spectra for the samples
under study are shown in Figure 1b. Samples C-, P-, SP-, andGH-
DND show the Lorentzian-like singlet EPR signals. It was
recently found76 that the singlet Lorentzian-like signal observed
in bulk DND samples at room temperature may be decomposed
into two Lorentzian signals having similar g-factor values and
different line widths. Examples of such decomposition are
presented in Figure 2a,b. The EPR parameters of such over-
lapping Lorentzian signals, the ratios between the integrated
intensity of the narrow line and the broad one (S1/S2), and the

Figure 1. Room temperature solid-state 13C NMR (a) and polycrystal-
line X-band (ν = 9.466 GHz) EPR (b) spectra of the nano- and
micrometer-sized diamond samples. The NMR spectra were obtained
using a one-pulse sequence with no 1H- decoupling. C-DND: 15.3 mg
sample, 10 kHz MAS, 2 s recycle delay, 2048 scans; P-DND: 51.5 mg
sample, 10 kHz MAS, 10 s recycle delay, 256 scans; SP-DND: 27.6 mg
sample, 10 kHz MAS, 10 s recycle delay, 256 scans, GH-DND: 24.0 mg
sample, 10 kHz MAS, 30 s recycle delay, 256 scans; LA-DND: 10.6 mg
sample, 30 kHz MAS, 1800 s recycle delay, 16 scans; SD: 126.0 mg
sample, 10 kHzMAS, 1800 s recycle delay, 20 scans. In the NMR spectra
for C-, S-, and SP-DND, the spectrum of an empty rotor taken under the
same experimental conditions has been subtracted from the experi-
mental spectrum of the sample. The peak near 100 ppm in the SDNMR
spectrum is a spinning sideband. For better presentation intensities of all
NMR and EPR spectra were normalized to their peak values.
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total spin densities are listed in Table 2. It is worth mentioning
that the S1/S2 ≈ 0.6 value for the GH-DND sample is signifi-
cantly different from the corresponding values found for con-
ventional DND (C-, P-, and SP-DND) samples, which range
from 1.2 to 4. It means that, unlike conventional DND samples,
in the GH-DND sample, paramagnetic centers responsible for
the broad signal (shallow ones, following refs 76 and 82) prevail
over centers giving the narrow line (deep ones). We ascribe this
feature to the higher concentration of dangling bonds, arising in
this case from the nanodiamond edges.83

In contrast to the aforementioned detonation-obtained ND
samples, the LA-ND and SD samples demonstrate complicated
EPR signals consisting of two unlike independent components
which saturate at different microwave power levels. At low
microwave powers, when neither component is saturated, each
experimental spectrum is a superposition of a well resolved
polycrystalline hyperfine pattern and a singlet Lorentzian line -
red and green lines in Figure 2c,d. The polycrystalline hyperfine
pattern originates from paramagnetic centers arising from a
single unpaired electron anisotropically interacting with the
14N nucleus (an I = 1) in diamond’s so-called P1 or N0 centers.

The Lorentzian line originates from carbon inherited paramag-
netic defects (dangling bonds). Relative intensities of signals
belonging to these two types of paramagnetic centers are about
the same. EPR parameters of these components are listed in
Table 2.

Experimentally obtained saturation dependencies for the
electron spins at room temperature are shown in Figure 3. It is
clear that samples GH-DND, LA-ND, and SD show deviations
from the nonsaturated linear behavior (red dotted line), at lower
values of incident microwave power than conventional DND
samples C-DND, P-DND, and SP-DND. Following ref 84, the
saturation behavior of these peak-to-peak signal intensities Ypp
may be described by the relationship

Ypp ¼ ∑
i

CiG
ffiffiffi

P
p

TSSi
2

ð1 þ G2PTSLiTSSiÞ3=2
ð1Þ

where i is number of overlapping components, P is the micro-
wave power, G = gγ (the g-factor and γ gyromagnetic ratio,
respectively), and Ci, TSLi, and TSSi are weighting coefficients
describing the electron spin�lattice and spin�spin relaxation

Figure 2. Room temperature X-band EPR spectra of polycrystalline diamond samples, recorded at 200 μW: well purified 4�6 nm grain size SP-DND
(a) and 10�30 nm grain size GH-DND (b) samples; open circles, experimental spectrum; red line, best fit by two Lorentzian lines; green line, narrow
Lorentzian line; blue line, broad Lorentzian line; 100�300 nm grain size LA-ND sample (c) and micrometer-sized SD sample HPHT (d); black line,
experimental spectrum; red line, simulated spectrum of nitrogen related P1 centers; green line, simulated spectrum of carbon inherited centers.

Table 2. Room Temperature EPR and Electron Relaxation Parameters for Polycrystalline Diamond Samples

sample giso

ΔHpp1

(mT)

ΔHpp2

(mT) S1/S2

Ns

(1019 spin/g)

Axx2, Ayy2
(mT)

Azz2
(mT)

*TSL1

(10�8 s)

TSL2

(10�6 s)

*TSS1

(10�9 s)

TSS2

(10�8 s)

C-DND 2.0028( 0.0001 0.91( 0.01 2.00( 0.08 ∼4 8.5( 0.9 5.2 7.2

P-DND 2.0028( 0.0001 0.91( 0.01 1.99( 0.08 ∼3 6.7( 0.7 4.9 7.2

SP-DND 2.0028( 0.0001 0.77( 0.01 1.64( 0.05 ∼1.2 6.3( 0.2 5.4 8.5

GH-DND 2.0028( 0.0001 0.53( 0.01 1.35( 0.05 ∼0.6 4.2( 0.4 9.5( 0.5 12.4( 0.5

LA-ND 2.0026 ( 0.0002 0.95( 0.05 ∼1 2.4( 0.3 2.86( 0.02 4.05( 0.05 4.8( 0.3 19( 2 6.9 3.2( 0.2

SD 2.0026( 0.0002 2.6( 0.1 ∼1 5.1( 0.5 2.86( 0.02 4.05 ( 0.05 72( 2 12( 1 2.5 1.7( 0.2
*Due to the estimation method in use (continuous saturation and fitting by eq 1) the error bars for the short relaxation times listed abovemay reach 30%
of the values presented.
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times for each component, respectively. Equation 1 allows an
approximate quantification of differences in the electronic relaxa-
tion parameters of samples under interest. It was found that
experimental data for all DND samples may be successfully
simulated using a single component, i = 1 in eq 1, and for samples
LA-ND and SD, two components, i = 2. The former indicates
that both broad and narrow components of the singlet Lorent-
zian-like EPR signal have the indistinguishable electron relaxa-
tion parameters, whereas the latter correlates well with the other
two types of EPR signals observed. Solid lines in Figure 3
represent best fits of saturation data for all samples. The electron
spin�lattice (TSLi) and spin�spin (TSSi) relaxation times found
by simulations are listed in Table 2.

Dynamic nuclear polarization of the diamond 13C’s was
attempted by cooling each neat powder to cryogenic tempera-
tures and irradiating the samples with microwaves at a frequency
near the expected transition of the unpaired electron. NMR
signals could be observed from these low temperature samples
even in the absence of microwave irradiation. The intensity of the
observed 13C signal as a function of microwave frequency is
shown for each sample in Figure 4. At each frequency, after

saturating the magnetization using a series of 90� pulses, micro-
waves were turned on for 1�10 min before observing carbon
magnetization. The signal intensities in Figure 4 are normalized
to the signal intensity resulting from the same experiment but
with microwaves off. For samples C-DND and P-DND, no
significant change in signal intensity was observed over the
microwave frequency range accessible to us, indicating that
polarization of the unpaired electron was not successfully trans-
ferred to the diamond carbons through the solid or cross effect
DNP. Only for samples LA-ND and SD was a significant positive
and negative signal enhancement seen. These correspond to
positive and negative spin alignments of the bulk 13C of the
diamond sample, as expected from a hyperpolarization mediated
by DNP. As can be seen in the expanded plot in Figure 4b,
samples SP-DND and GH-DND exhibited intermediate polar-
ization transfer, resulting in enhancements of order of magnitude
10-fold or less.

Figure 5 shows the buildup of nuclear polarization as a
function of time. The blue diamonds depict the polarization
buildups under the effects of DNP, and the red triangles are the
buildup of thermal equilibrium polarization at 1.9 K. Solid and
dashed lines are exponential fits to these experimental points for
the DNP and thermal equilibrium polarization, respectively. For
the DNP, the microwave frequency and power were set at
optimized levels determined for each sample. In each case, the
signal intensities are normalized to the maximum intensity for
thermal polarization, found from the exponential fit. Notice that
only the samples LA-ND and SD have a significant gain in signal
intensity under DNP. The extent of hyperpolarization that is able
to be achieved is shown in the inset of Figure 5e. This figure
shows 13C NMR spectra of sample LA-ND at 3.35 T with and
without microwave irradiation, exemplifying the signal enhance-
ment that is seen in the solid state.

4. DISCUSSION

As can be seen from the nuclear spin�lattice relaxation data in
Table 1 and the electron relaxation data in Table 2, as the
characteristic length scale of the particles in each diamond
sample increases, so do both the electron and nuclear spin�
lattice relaxation times measured at room temperature. Here it is
worth mentioning that due to the estimation method in use
(continuous saturation and fitting by eq 1), the error bars for the
short electron relaxation times in Table 2 may reach 30% of the

Figure 4. (a) Dependence of 13C NMR signal enhancement on microwave frequency for the six samples studied. Blue diamonds: sample C-DND,
10min polarization, 25mWmicrowave power, 90� pulse; red open triangles: sample P-DND, 5min polarization, 50mW, 90� pulse; green triangles: sample
SP-DND, 3 min polarization, 100 mW, 90� pulse; black circles: sample GH-DND, 5 min polarization, 100 mW, 90� pulse; orange squares: sample LA-
ND, 2 min polarization, 40 mW, 90� pulse; purple open squares: sample SD, 1 min polarization, 60 mW, 13� pulse. Each sample was irradiated by
microwaves at each frequency for the indicated time and the resulting signal intensity was normalized to the intensity of signal from the same experiment,
but with microwaves off. (b) Expanded version of the same plot as in (a).

Figure 3. Saturation curves for polycrystalline diamond samples,
obtained at room temperature. Symbols represent experimental data:
C-DND (olive stars), P-DND (red circles), SP-DND (black circles),
GH-DND (green triangles), LA-ND (blue triangles), and SD (magenta
diamonds). Corresponding solid lines represent best least-squares fits by
eq 1 with i = 1 for samples C-, P-, SP-, and GH-DND and i = 2 for
samples LA-ND and SD. Red dotted line shows linear nonsaturating
behavior.
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values found. However, even accepting such a strong uncertainty,
one can clearly see that the short electron relaxation times in
small DNDs (samples C-, P-, and SP-DND) lengthen upon
increasing the particle size (sample GH-DND). Electron
relaxation in both larger samples shows that nitrogen-related
centers are characterized by significantly longer electron
relaxation times (two orders for the spin�lattice relaxation
time) than the carbon-related paramagnetic centers. This char-
acteristic length scale effect may be attributed to differences in
the local density of unpaired electrons and to different inter-
actions between these paramagnetic centers in samples of
various sizes and origin. This correlation between diamond
particle size and electron spin�lattice relaxation (particularly
of the nitrogen-based sites) may also explain our inability to
observe nitrogen-related defects in the 4�6 nm sized DND by
CW EPR. These samples carry a large number of unpaired
spins (up to 15 per particle76) that are delocalized over the
nano-object and coupled by strong exchange interaction. One
can suppose that, on increasing the particle size, this exchange
weakens (at least for some types of paramagnetic centers),
leading to an increase of relaxation time in the 10�30 nm sized
GH-DND samples. Further increase of nanodiamond particle
size leads to additional relaxation time prolongation, revealing
clear nitrogen-related signals in the CW EPR spectra of the
LA-ND and SD samples.

Significant DNP enhancements of the 13C NMR signal was
possible only for the two samples of larger particle sizes, LA-ND
and SD. Although samples C-, P-, SP-, and GH-ND exhibited a

strong EPR singlet within the irradiation region of our microwave
source, and although they contain unpaired electrons in high
densities g1019 spins/g, microwave irradiation of this EPR line
did not result in a significant polarization transfer to the bulk 13C
nuclei. Samples SP-DND and GH-DND have only small DNP
enhancements. We ascribe this to the relaxation time character-
istics of both nuclear and electron spins. Indeed, two conditions
are usually needed for hyperpolarizing 13C nuclei through DNP.
One concerns the ability of the electron spin populations to be
equalized by microwave radiation. As can be seen in Figure 3, as
the sample size increases, the electron spins become more
amenable to saturation, whereas the shorter electron T1 of the
smaller-size nanodiamonds drives the populations back to their
Boltzmann equilibrium values. This saturation behavior also
correlates with DNP efficiency: as the electron relaxation time
increases, so does the DNP enhancement. A second factor
compromising DNP in the smaller nanodiamond samples is
related to nuclear relaxation times. DNP in bulk can be envi-
sioned as consisting of a two-step process: the first is polarization
of the “core” nuclei near the electron, while a second step is
polarization of the bulk nuclei due to spin diffusion. Because the
observed signal is composed primarily of the bulk nuclei, the
nuclear signal enhancement depends on long nuclear T1s
enabling this spin diffusion process to build up its effects over
relatively long periods. The long nuclear relaxation times that
Table 1 reveals for the larger-sized diamond particles, are there-
fore aiding the electron polarization to be transferred to the bulk
nuclei during the DNP.

Figure 5. DNP-driven buildup of nuclear polarization. The signal intensity wasmeasured as a function of time using small tip-angle pulses. For each plot,
blue diamonds represent the signal intensity with microwaves on and red triangles represent the signal intensity with microwaves off. Solid blue and
dashed red lines are exponential fits for the DNP and thermal equilibrium buildup, respectively. (a) Sample C-DND: 93.950 GHz, 75 mW microwave
power, 10� pulse. (b) Sample P-DND: 93.850 GHz, 50 mW, 26� pulse; (c) Sample SP-DND: 93.930 GHz, 40 mW, 10� pulse. (d) Sample GH-DND:
93.950 GHz, 100 mW, 13� pulse. (e) Sample LA-ND: 93.850 GHz, 40 mW, 13� pulse. (f) Sample SD: 93.850 GHz, 25 mW, 13� pulse. Only the SD (f)
and LA-ND (e) have a significant DNP effect, while samples SP-DND and GH-DND have intermediate DNP enhancements. The inset in (e) is the
spectrum of sample LA-NDobtained following a 90�-pulse after 100min of microwave irradiation at 93.850GHz and 40mWpower (blue solid line) and
after 100 min of thermal equilibration (red dashed line).
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5. CONCLUSION

This work examined the magnetic resonance properties of a
series of nano- and micrometer-sized diamond samples contain-
ing naturally occurring nitrogen-containing defects. Correlations
among the electron relaxation times, nuclear relaxation times,
and hyperpolarizing efficiencies were observed, and these could
be associated with the behavior observed for the diamond
particle size. As the characteristic length of the diamond particles
approaches that of bulk diamond, both electron and nuclear
spin�lattice relaxation times increase. Dynamic nuclear polar-
ization was only successful for these two diamond samples of
largest particle sizes. The two samples of largest particle sizes also
reveal a slowly relaxing EPR component with a well-defined
hyperfine coupling characteristic of a single unpaired electron
interacting with 14N in a P1 defect center. For the smaller
samples, the fast electron spin�lattice relaxation time of the
EPR singlet prevents the electron spins from being saturated, and
the fast nuclear spin�lattice relaxation time prevents the buildup
of nuclear polarization through spin diffusion.

This work confirms that nanodiamonds may have potential as
polarizing agents for DNP: at least when using a “brute force”
method of irradiating unpaired electrons of naturally occurring
defect sites with microwaves at cryogenic temperatures, we were
able to polarize bulk 13C nuclei of diamonds. The measurements
also reveal that there is a correlation between the size depen-
dence of these particles and the efficiency of the DNP effect
observed as well. While smaller nanosized diamonds are attrac-
tive from the point of being useful as tracers, the good DNP
properties of bulk diamond may not always be retained in these
small size regimes.
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