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Solution-phase '*CNMR spectroscopy of detonation nano-
diamond has been developed to give the resonance of diamond
carbons. This novel and convenient analytical method is promis-
ing for quantitative and structure-informative analysis of the
surface chemical structure of nanodiamond as has been used
for the analysis of organic molecules.

Diamonds have attracted much attention because of a vari-
ety of outstanding properties including high thermal conductiv-
ity, hardness, chemical inertness, wide band gap, high refraction
index, and so on. These properties make diamonds promising
candidates for many applications ranging from mechanical use
to optical and electrical devices. Since fine applications some-
times require precise control of their properties, strict control
of the surface termination is desirable, in particular, for nano-
size crystals of diamonds called “nanodiamonds (NDs)” owing
to their large specific surface area. Therefore, chemical and bio-
chemical surface modification have been extensively reported
for both films!'~* and powders>'* of diamonds. Although many
functional groups were incorporated into the surface via solid-
and liquid-phase reactions, they were not fully identified because
the analytical methods for the surface chemical structure are
limited mostly to the following three ones; infrared,*'* X-ray
photoelectron> #3190 and solid-state NMR spectroscopies.®!1-13
Herein, we report very convenient analysis of detonation nano-
diamonds (d-NDs) with solution-phase '*C NMR spectroscopy,
which have been frequently used for quantitative and struc-
ture-informative analysis of organic compounds.

Aqueous d-ND colloidal solution (=10wt%), Nano-
Amando®, prepared by stirred-media milling with microsized
ceramic beads,'* was purchased from NanoCarbon Research
Institute Ltd. After addition of small amounts of D,O as an
internal lock and 1,4-dioxane as an internal standard, the
solution in a NMR tube (5-mm diameter) was subjected to
BCNMR measurement. *CNMR (67.5MHz) spectra of the
d-ND suspensions were recorded by JEOL JINM-GX270.

In the spectra of d-ND suspension (Figure 1a), a broad peak
was observed at 33 ppm after 30000 times accumulation with
90° pulse (7.4 ps) and enough recycle delay (11.0s) as compared
to the previously reported value for solid-state '*CNMR of
d-ND solid (0.725).'> The peak is due to the resonance of sp’
diamond carbon, because the chemical shift in the solution-
phase 3*CNMR spectrum of the d-ND suspension is similar to
those reported in solid-state '*CNMR spectra as shown in
Table 1.11—13,15—17

In order to determine the parameters of the solution-phase
I3CNMR precisely, spin-lattice relaxation time (T;) was deter-
mined by an inversion-recovery method (5000 scans), in which
the pulse sequence is 180° pulse (14.8 us)-7 (10-1000 ms)-90°

Table 1. Chemical shift and T, of diamond carbon in solution-
phase and solid-state '3C NMR spectroscopies

Type of Chemical

Run diamond?® Method shift (ppm) T
1° d-ND solution 33 0.3s
212 d-ND solid 35+£3 0.14-0.17s
35 gem diamond solid 39 3.5 days
46 HTHP solid 33+3 220 £20s
5'%  HTHP solid not reported  14-17s
6''  shock solid 36-38 1245

compression
7'7  CVD solid 365 8-67s

2d-ND: detonation nanodiamond, HTHP: diamond synthe-
sized under high-temperature and high-pressure conditions,
CVD: diamond film prepared by chemical vapor deposition.
This work.

pulse (7.4 us)-recycle delay (3.0s). As a result, the null point
(T1j2) was found to be 0.2s, and the T; of the d-ND in
solution is calculated to be 0.3 s. As compared with the T} values
reported previously in solid-state '*C NMR of various diamonds
(Table 1), the present T} value in solution (Run 1) is similar
to that of d-ND in solid (Run 2),'> and much smaller than
those of the gem diamond (Run 3)'3 and synthetic diamonds
by high-temperature and high-pressure (HTHP) method (Runs
4 and 5),'%!8 shock compression method (Run 6)!! and CVD
method (Run 7).!” The much smaller 7; values of d-ND in both
solution and solid (Runs 1 and 2) are considered to be attributed
to the inherent contamination of paramagnetic metals and/or the
electric spin in the defect.!?

The CNMR of the d-ND solution was carried out under
the conditions of 1.5 s recycle delay (57 value), 7.4 us 90° pulse
and 30000 scans at 296 K. A very decent spectrum was obtained
for only 12.5h accumulation as shown in Figure 1c. When the
recycle delay was changed to 0.5, 1.0, and 3.0's, quite similar
spectra to those of 1.5 and 11.0s recycle delay mentioned above
were obtained as shown in Figure 1. No influence of recycle
delay to spectra indicates that carbon atoms around the surface
and inside the core have similar T, values. This observation is
in contrast with that of the solid-state '*C NMR spectra of ND
prepared by shock compression;!! two peaks with different T}
values, 14—17s and 3945, were observed at 36 and 38 ppm,
respectively. Therefore, the short recycle delay relatively
decreased the peak intensity of the carbon at 38 ppm because
of the longer T} value.!! In this case, core and surface diamond
carbons are considered to exhibit different 7', value, while the T}
values of both core and surface diamond carbons in d-ND are
remarkably reduced by the presence of the paramagnetic metals
and/or the defects,'! giving no influence of recycle delay to the
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Figure 1. '>C NMR spectra of detonation nanodiamond (Nano-
Amando®) with recycle delay of 11.0s (a), 3.0s (b), 1.5s (c),
1.0s (d), and 0.5 s (e). The sharp peaks at 66.0 ppm are due to
dioxane as an internal standard.

shape of the NMR peak.

Although sp? carbons are reported to be observed in d-ND
by solid-state '*C NMR analysis,!> any clear resonance was
not observed in the lower magnetic region of 100-150 ppm in
the present solution-phase '3CNMR spectra as shown in
Figure 1. This is probably because the d-ND colloidal solution
used in this experiment (NanoAmando®) contains much less
amount of sp? carbons; that is, the purity of diamond may
increase through the process of disintegration.!'

Other than d-ND, we examined '*CNMR of larger size
ND (30nm in average diameter) synthesized under HTHP
conditions. The resonance of diamond carbons was observed
at 34ppm under similar conditions to those of d-ND (see
Supporting Information).'” However, the intensity of the reso-
nance of HTHP-ND is much lower than that of d-ND probably
because HTHP-ND is expected to have much larger T as HTHP
diamond (Runs 4 and 5 in Table 1) and lower dispersibility than
d-ND.

In conclusion, solution-phase '*CNMR spectroscopy has
been developed as a facile analytical method for nanodiamond
instead of solid-state '*CNMR spectroscopy frequently used
so far. In future, we might be able to elucidate the chemical
structure of nanodiamond by solution-phase NMR technique just
like organic compounds.
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