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Detailed structural studies of carbon materials and
carbon-based catalysts usually require a wide variety of
physicochemical methods. Conventional sorption and
microscopic methods do not always provide complete
and reliable information, making it necessary to take
alternative approaches. NMR spectroscopy occupies an
important place among the physicochemical methods.
The NMR spectroscopy of adsorbed xenon is attractive
as an independent method for examination of porous
materials and catalysts. With its two magnetic isotopes
(

 

129

 

Xe and 

 

131

 

Xe), xenon is an ideal atom for this pur-
pose. Its NMR parameters are very sensitive to its envi-
ronment, including weak van der Waals interactions.
The 

 

129

 

Xe isotope has a nuclear spin of 1/2, and its nat-
ural abundance, 26.4%, is sufficient for NMR applica-
tions, providing an absolute sensitivity of 

 

5.60 

 

×

 

 10

 

–3

 

.
The basic NMR parameter is the chemical shift. The
investigated range of its values extends up to 7500 ppm.
Chemical shifts of up to 1500 ppm characterize physi-
cal adsorption. Perturbations in the electron shell of
xenon change the local magnetic field around the
nucleus and shift the resonance frequency. The main
approximations of the method have been reported in
several reviews [1–3].

For gaseous xenon [4] and for porous materials that
do not contain any significant amounts of paramagnetic
impurities or high electric charges due to impurity cat-
ions, the isotropic chemical shift of 

 

129

 

Xe can be repre-
sented as a power series in local density (

 

ρ

 

) with tem-
perature-dependent coefficients [5]:

 

. (1)δ T ρ,( ) = δs T( ) δXe–Xe T( )ρ δXe–Xe–Xe T( )ρ2 …+ + +

 

For impurity-free materials, 

 

δ

 

s

 

 can be viewed as a fun-
damental characteristic of the surface depending on the
rate of xenon exchange between the surface and the
pore space. The term 

 

δ

 

Xe–Xe

 

ρ

 

 accounts for the binary
collisions of xenon atoms in the pores and depends on
the pore dimensionality and geometry. The terms con-
taining powers of density higher than unity (

 

δ

 

Xe–Xe–Xe

 

ρ

 

2

 

and on) are significant only at rather high xenon densi-
ties of 

 

ρ

 

 

 

�

 

 10

 

 mmol/cm

 

3

 

. For comparison, the xenon
density under normal conditions is 

 

ρ

 

 ~ 0.05

 

 mmol/cm

 

3

 

.
Although the 

 

129

 

Xe NMR method proved to be an
efficient tool for examination of the pore structure and
surfaces of silica-based materials (zeolites, silica gels,
porous glasses, etc.), it has relatively rarely been
applied to carbon-based systems [6–21].

EXPERIMENTAL

A sample of detonation nanodiamonds (NDs) was
isolated from the products of detonation of a trinitrotol-
uene–hexogen mixture using the technology described
in [22] and ozone cleaning [23]. The finest ND frac-
tions were separated by centrifuging polydisperse NDs.
A sample of onion-like carbon (OLC) was prepared by
vacuum annealing of an ND sample at 1900 K [24]. In
order to obtain “onions” with a more defective surface,
part of the OLC sample was subjected to oxidative
treatment (the resulting sample is designated OLC-ox).
Oxidation was carried out in a flowing O

 

2

 

 + N

 

2

 

 (1 : 50)
mixture at 843 K for 2 h.

Carbon samples were characterized by low-temper-
ature (77 K) nitrogen adsorption. The specific surface
area was measured by the BET method. The total spe-
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cific pore volume (

 

V

 

t

 

) was derived from adsorption data
obtained at a relative pressure of 

 

P

 

/

 

P

 

s

 

 = 0.98. The mean
pore diameter was calculated within the model of inter-
secting cylindrical pores open on both sides (

 

D

 

 = 4

 

V

 

/

 

S

 

,
where 

 

V

 

 is the volume and 

 

S

 

 is the surface area). The
pore size distribution was derived from the desorption
branches of isotherms using the de Boer–Brockhoff
approximation.

Electron micrographs were obtained using a JEM-
2010 microscope. OLC powders were deposited onto
an amorphous carbon–coated copper grid by ultrasonic
spraying of ethanolic suspensions.

Experiments were carried out using isotopically
enriched xenon (~99% 

 

129

 

Xe). In some cases, we used
an optical xenon spin polarization technique [25] for
enhancing the sensitivity of the method. A xenon +
helium stream with preset partial pressures, generated
by a pump, was circulated through a rubidium vapor
cell and a sample tube. Rubidium was evaporated by
heating the cell to 433–473 K. The cell outlet was
water-cooled for rubidium collection. For exciting elec-
tronic sublevels of rubidium, the cell was irradiated
with a continuous-wave laser (30 W, 

 

λ

 

 = 794.7 nm).
Carbon samples (0.5 g) were conditioned in vacuo

(

 

10

 

–2

 

 Pa) for 10 h at 523 K in glass tubes (

 

d

 

 = 10 mm)
connected to a coaxial vacuum valve. NMR spectra
were recorded on an AMX300 pulsed Fourier-trans-
form spectrometer (Bruker) operating at 83 MHz. The
number of accumulations was 100–10000 at a

 

π

 

/2

 

-pulse duration of 14 

 

µ

 

s and an interpulse delay time
of 1–10 s. Chemical shifts in the 

 

129

 

Xe NMR spectrum
were referenced against low-pressure gaseous 

 

129

 

Xe.

RESULTS AND DISCUSSION

 

Physicochemical Properties of the Samples

 

TEM images of the initial ND and the OLC obtained
from it are shown in Fig. 1. The average diameter of the
primary ND particles is 4–5 nm. The ND particles form
very strong porous aggregates with a characteristic size
of 10 nm to several micrometers. According to nitrogen
adsorption data, the porous structure of the ND aggre-
gates consists largely of mesopores, whose size distri-

bution is plotted in Fig. 2. Micropores can also be
present at contact sites of primary nanoparticles. (Note
that both coherent and incoherent interparticle bound-
aries were detected by TEM.) The textural parameters
derived from nitrogen adsorption data are listed in the
table.

Chemical analysis data indicate a high concentra-
tion of various oxygen- and hydrogen-containing
groups on the ND surface (up to 5% of the total sample
weight). The sample contains minor amounts (<0.2%)
of metals (Fe, Ni, Cr). Since these impurities are irre-
movable even by severe chemical treatment, they are
likely inaccessible to gas molecules.

In the case of OLC, primary nanoparticles also form
aggregates by binding together their defective graphite-
like layers and by C–C bond formation. The number of
fullerene-like layers in an OLC particle varies between
3 and 10. The distance between nearest neighbor layers
is 0.35 nm. The OLC surface is graphitized and is struc-
turally similar to the fullerene surface. The porous
structure of the OLC aggregates is akin to that of
ultrafine nanodiamonds. This is due to the transforma-
tion of the primary NDs into OLC particles similar in
size.

 

(‡) (b)

25 nm

 

Fig. 1.

 

 TEM images of (a) ND and (b) OLC.
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Fig. 2.

 

 Pore size distribution for (

 

1

 

) ND, (

 

2

 

) OLC, and (

 

3

 

)
OLC-ox.

 

Textural parameters of ultrafine nanodiamond (ND) and on-
ion-like carbon (OLC and OLC-ox) from N

 

2

 

 adsorption data

Material

 

S

 

BET

 

, m

 

2

 

/g

 

D

 

, nm

 

V

 

t

 

, cm

 

3

 

/g

ND 288 15.4 1.12

OLC 326 10.4 0.83

OLC-ox 440 9.7 1.04

 

Note:

 

S

 

BET

 

 is the specific surface area, 

 

D

 

 is the mean pore diame-
ter, and 

 

V

 

t

 

 is the total specific pore volume.
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All of the samples have similar ~20-nm-wide pore
size distributions without any specific features (see the
table). A significant distinction between OLC and ND
is that they have different chemical compositions of the
surface. According to X-ray spectroscopy data, OLC is
a high-purity material based on 

 

sp

 

2

 

-hybrydized carbon.
Its purity is due to the fact that all impurities, including
metals, are removed at the preparation stage during the
high-temperature graphitization of ND in vacuo. Thus,
while OLC has a pure graphitized surface with an oxy-
gen content of <0.5% [26], the ND surface is covered
with oxygen-containing groups and minor amounts of
C–H groups.

 

129

 

Xe

 

 

 

NMR Data

 

The 

 

129

 

Xe NMR spectrum of optically polarized
xenon adsorbed on ND at 298 K is presented in Fig. 3a.
The strong line at 0 ppm is due to polarized xenon in the
gas phase. The spectrum exhibits two broad compo-
nents (

 

∆ν

 

1/2

 

 ~ 50

 

 ppm) with chemical shifts of 95 and
75 ppm. Under the conditions of this experiment, the
intensities of the observed resonances relative to the
signal from gaseous xenon do not characterize the real
occupancies of adsorption sites. Raising the Xe partial
pressure in the 1–70 kPa range does not cause any sig-
nificant shift of the signals or changes in the line shape
(Fig. 4).

Although OLC and OLC-ox have a broad pore size
distribution, their 

 

129

 

Xe NMR spectra (Fig. 3, curves 

 

2

 

,

 

3

 

) consist of a single line, which is much narrower
(

 

∆ν

 

1/2

 

 ~ 10

 

 ppm) than the lines in the spectrum of ND.

The dependences of the 

 

129

 

Xe chemical shifts on the
xenon density 

 

ρ

 

 for OLC and OLC-ox cannot be
described by a single linear function (Fig. 5). For the
sake of simplicity, they can be divided into two linear
portions, namely, 

 

A

 

1

 

 and 

 

B

 

1

 

 for OLC and 

 

A

 

2

 

 and 

 

B

 

2

 

 for
OLC-ox (solid lines in Fig. 5). Linear approximation of
the two portions led to the following parameters: for
OLC,

δs = 35.7 ± 0.5 ppm,  = 82.4 ± 2 ppm cm3 mmol–1,

and  = 31.3 ± 2 ppm cm3 mmol–1; for OLC-ox,

δs = 39.4 ± 0.5 ppm,  = 105.7 ± 5 ppm cm3 mmol–1,

and  = 31.6 ± 0.3 ppm cm3 mmol–1.

The δs values are not large and are typical of graph-
itized surfaces [11, 12, 14]. Oxidative treatment causes
an increase in the chemical shift δs because of the
increase in the enthalpy of adsorption. From xenon
adsorption isotherms measured at different tempera-
tures, the enthalpy of adsorption, ∆H, was estimated at
16.3 kJ/mol for OLC and 24 kJ/mol for OLC-ox. The
nonlinear dependence of the chemical shift on the
xenon density for OLC and OLC-ox is likely a conse-
quence of the broad pore size distribution. At low xenon
densities, adsorption in narrow mesopores is energeti-
cally more favorable. At higher xenon densities, the fill-
ing of larger mesopores takes place. Thus, the larger

slope , which corresponds to low xenon densi-

ties, refers to narrower mesopores, and  refers to
wider mesopores.
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Fig. 3. NMR spectra of optically polarized 129Xe adsorbed
on (1) ND, (2) OLC, and (3) OLC-ox.
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Fig. 4. NMR spectra of optically polarized 129Xe adsorbed
on ND at various partial pressures of xenon.
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Note that the bulk structure of the nanoparticles
forming ND and OLC aggregates, as distinct from the
chemical composition of the surface and the pore size
of the aggregates, has no effect on the properties of
these materials. Since xenon adsorption inside the pri-
mary particles is ruled out, the 129Xe NMR data refer
only to the surface and the porous structure of ND and
OLC, not to their bulk structure.

The large chemical shift and its weak dependence
on the xenon density in the case of ND are evidence that
there are strong adsorption sites (SAS’s) on the surface
[1]. The nature of these sites is determined by oxygen-
containing groups, and it is the strong interaction of Xe
with these groups that is responsible for the large values
of the chemical shift (95 and 75 ppm). The broad mul-
ticomponent 129Xe NMR signal is further evidence of
the existence of SAS’s: the strong interaction of xenon
with the oxygen-containing groups leads to slow
exchange between different surface sites and the gas in
the pore space.

In the general case, the 129Xe NMR chemical shift
characterizes the interaction between xenon and the
surface and can, therefore, be used to study the surface
structure and composition. The dependence of the
129Xe NMR chemical shift on the structure of the sur-
face was demonstrated by studies of various types of
filamentous carbon [12, 14]. When the surface is chem-
ically and structurally homogeneous, the δs value for a
given pore size can be viewed as a characteristic of this
surface. For ND, the oxygen-to-carbon atomic ratio on
the surface is close to 0.5; that is, the concentration of
oxygen-containing groups is fairly high. Therefore, the
ND surface can be regarded as being uniformly covered
with oxygen-containing groups. By contrast, the graph-
itized surface of OLC is almost free of heteroatoms.
Therefore, it can also be viewed as homogeneous.
However, when the pore size distribution is wide or
rapid exchange takes place, δs is not a univocal charac-
teristic of the pore size D. Any observed δs is a
D-weighted value:

(2)

where Dmin and Dmax are the conventional minimum and
maximum pore sizes and f(D) is the pore size distribu-
tion function.

ND and OLC are a good model system for 129Xe
NMR spectroscopy. The pore size distributions
(according to nitrogen adsorption data) and textural
parameters of OLC and ND are very similar, and this
similarity arises from the mechanism of OLC forma-
tion from ND. However, the 129Xe NMR parameters
(chemical shifts, line widths, and the pressure depen-

δs〈 〉

δ D( ) f D( )dD

Dmin

Dmax

∫

f D( )dD

Dmin

Dmax

∫
------------------------------------------,=

dences of the chemical shifts) of these materials are
quite different. Taking into account the similarity
between the porous structures of ND and OLC, it can be
inferred that the radical dissimilarity between the 129Xe
NMR data for these materials most likely arises from
the difference between the chemical compositions of
their surfaces. The chemical shifts (δs) observed for
OLC and OLC-ox are also different because of the
stronger interaction of xenon with the OLC-ox surface.

The 129Xe chemical shift is very sensitive to weak
van der Waals interactions. In some cases, this circum-
stance allows one to obtain valuable information con-
cerning surface defects, the presence of micropores,
and the functional groups of the object examined.
Because of their structural and chemical heterogeneity,
mesoporous carbon materials are rather complicated
objects for 129Xe NMR studies. However, this study has
demonstrated that chemically modified mesoporous
materials and catalysts with similar porous structures
are appropriate objects to be tested by this method.
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