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Interaction of nanodiamond with in situ generated sp-carbon
chains probed by Raman spectroscopy
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A carbon allotrope containing solely linear sp-carbon
chains (carbyne) [1] has not yet been demonstrated convincingly, but composite carbonaceous structures containing sp/sp2 carbon atoms attract increasing attention.
Among various challenges, the possible occurrence of spcarbon chain in the interior of carbon nanotube [2] and
its formation during heat treatment of double wall carbon
nanotubes [3] have been discussed recently.
In 1994, Heimann [4] suggested that sp-carbon chains
may play a role as intermediates during shock-induced
transformation of graphite into diamond. Indeed, diamond was found in the products of shock compression of
carbynoid material grown by dehydrohalogenation of
poly(vinylidene halide) [1,5]. An opposite eﬀect, i.e., formation of carbyne via shock-compression of diamond was
observed, too [6]. Interestingly, carbyne was found in a diamond mine in China [7], but geochemical aspects of the
carbyne/diamond conversion are unknown.
Sun et al. [8] prepared diamond by pyrolysis (600 C) of
poly(phenylcarbyne), (PhC)n made by total dechlorination
of a,a,a-trichlorotoluene [9]. This reaction is an explicit
demonstration of terminological inconsistency of carbyne:
the (PhC)n is solely sp3-bonded polymer, in which the name
‘‘carbyne’’ is correctly used in terms of the IUPAC-codiﬁed
name for a triply bonded carbon radical. Curiously, various sp-bonded carbon allotropes (also termed ‘‘carbyne’’
in historical sense) were found in the products of pyrolysis
*
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(1000–1600 C) of poly(phenylcarbyne), (PhC)n along with
cubic and hexagonal diamond [9].
Kudryavtsev and Evsyukov [10] reported on diamond
growth in dehydrohalogenated poly(vinylidene chloride)
mixed with a catalytic amount (1 wt.%) of ultra-dispersed
diamond. The growth took place at 360–370 C and atmospheric pressure, but the mechanism for catalytic diamond
growth remained unknown. Here we report on a variant of
this synthesis, in which the sp-chains were generated in situ
from a mixture of poly(tetraﬂuoroethylene) PTFE with
nanodiamond (nD) by the action of gaseous potassium.
This study has been motivated by the fact that the ex-PTFE
sp-chains are of exceptional quality [1,11] compared to
other chemically synthesized analogues, and, secondly,
the reaction can be carried out with a complete exclusion
of air oxygen and humidity. As the sp-carbon chains are
extremely reactive, the absence of any undesired reactant
is a prerequisite for detailed studies of their reactions and
structural modiﬁcations. Also the nanodiamond used by
Kudryavtsev and Evsyukov [10] has been revealed to be
composed of submicron-sized aggregates of primary particles [12]. Hence, it would be challenging to use the primary
particles of nD with 4–5 nm in diameter [13] instead of
their aggregates.
The sample of primary nD particles used in this work
was prepared by disintegrating of the commercial ultradispersed diamond, which in turn was isolated as grey
powder by oxidizing detonation soot from TNT–RDX
explosion with hot nitric acid, washing with water and drying at 120 C for 12 h [14]. Disintegration of aggregates was
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accomplished by beads milling with an Apex Mill from
Kotobuki Ind. Co. using 30 lm zirconia beads stabilized
with yttrium. Conditions of beads-milling are described
in detail elsewhere [15,16]. After ﬁnal sonication and centrifugal separation of uncrushed larger particles, the resulting colloidal solution contained about 10 wt.% of dispersed
primary particles of cubic nD with diamond purity of 93%
as determined by quantitative X-ray diﬀraction intensity
analysis using ZnO as internal standard.
The above described aqueous suspension of nD was
evaporated to dryness at room temperature and re-dispersed in absolute ethanol under sonication. Poly(tetraﬂuoroethylene) (PTFE) powder from Aldrich was treated in
absolute ethanol under sonication and then mixed with
the ethanolic suspension of nanodiamond in concentrations of 10 wt.% or 20 wt.% of nD in PTFE. The mixture
was sonicated at ca. 40 C while part of ethanol evaporated and the mixture attained a consistence of viscous
slurry. The slurry was visually homogeneous, and no phase
separation was observed during its storage at room temperature. The slurry was ﬁnally evaporated on a glass support,
leaving a reasonably compact and homogeneous ﬁlm of ca.
1 cm2 in area. On the same glass support, two other pieces
of ﬁlms were deposited, viz., ﬁlms from pure nD, and from
pure PTFE, respectively. They were deposited, in the same
way, by evaporating of the corresponding ethanolic
slurries.
The glass supported ﬁlms of nD, PTFE and nD/PTFE
mixtures were outgased at 300 C in vacuum (105 Pa)
and sealed in a cell with glass optical window. Potassium
metal (from BDH) was puriﬁed by repeated distillation in
vacuum, and ﬁnally transferred into the reaction cell via a
breakable glass joint. The all-glass reaction cell was ﬁnally
sealed in high vacuum, while the sample layers were not
in contact to solid potassium. The reaction of potassium
vapor with the PTFE and nD/PTFE was initiated by
increasing the temperature. The reaction of potassium
vapor manifested itself by blackening of PTFE already after
several minutes at 100 C.
The Raman spectra were excited by Ar+ laser (Innova
300 series, Coherent) and recorded by a T-64000 spectrometer (Instruments, SA) interfaced to an Olympus BH2
microscope. The laser power impinging on the cell window
was between 2 and 3 mW. The Raman spectra were measured via the glass optical window (without opening the
cell) by the 50· objective of large focus distance. The
Raman spectrometer was calibrated before each set of measurements by using for reference the F1g line of Si at
520.2 cm1. All frequencies and intensities were normalized
against those of the Si-line.
Fig. 1 shows the results of Raman monitoring of gradual
conversion of PTFE into carbonaceous products. It is
obvious that the disappearance of the Raman features of
PTFE is accompanied by the rise of new bands around
2000 cm1, which are characteristic for sp-carbon chains
[1,17]. At early stages of the reaction, we note double peak
features at ca. 1910 cm1 and 2050 cm1 (‘2’ in Fig. 1). This

Fig. 1. Raman spectra at 514.5 nm excitation. From top to bottom:
(1) pure PTFE, (2) ditto reacted with K-vapor at 100 C for 15 min, (3)
100 C for 1 h, (4) 100 C for 2 h, (5) 100 C for 12 h, (6) 150 C for 12 h.
The reactions were sequential, i.e., the product of an earlier treatment
served as precursor of the next treatment. Spectra are oﬀset for clarity, but
their intensity scales are identical.

structure disappears as the reaction progresses (‘3’ in
Fig. 1), being replaced by a single broad peak at
2050 cm1, which shifts to lower wave numbers at later
stages of the reaction (‘4’–‘6’in Fig. 1). This spectral development is compatible with the hypothesis that PTFE
converts ﬁrst into short oligocumulenic segments, and
ﬁnally into polyyne [1,17]. Whereas the conversion of
PTFE into polyyne is well documented in the previous
literature [1,17], here we show for the ﬁrst time these
intermediate moieties at the early stages of the PTFE
deﬂuorination.
The Raman spectra of the nD/PTFE composite are
shown in Fig. 2 (curves A, B). Obviously, they exhibit features of superposition of the Raman spectra of the individual components, viz., pure PTFE (curve 1, Fig. 1) and pure
nD (curve C, Fig. 2). The spectral superposition even reﬂects the eﬀect of strong photoluminescence background
of nanodiamond, which is more pronounced for the composite containing larger amount of nD (cf. curves A, B in
Fig. 2). After deﬂuorination with K-vapor, the photoluminescence background disappears completely (cf. curves D,
E in Fig. 2). The nanodiamond peak at 1630 cm1 disappears after the deﬂuorination of PTFE, while the peak at
1324 cm1 is still clearly visible. We can obviously exclude
that this feature is a remnant of the peaks of PTFE, since
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Fig. 2. Raman spectra at 514.5 nm excitation (left chart) and 488 nm excitation (right chart). (A) nD/PTFE; 10 wt.% nD, (B) nD/PTFE; 20 wt.% nD, (C)
pure nD, (D) nD/PTFE (10 wt.% nD) after reaction with K-vapor at 150 C for 12 h, (E) nD/PTFE (20 wt.% nD) after reaction with K-vapor at 150 C
for 12 h. Details of spectra D and E after 5· zooming are also shown. Spectra are oﬀset for clarity, but their intensity scales are identical. Dashed lines label
the frequencies, at which the characteristic features of nD occur.

the strong diagnostic peak of PTFE at 732 cm1 is missing
in the spectra represented by curves D, E (Fig. 2). This conﬁrms that the deﬂuorination of PTFE was complete. The
Raman spectra of both nanodiamond and sp-carbon
chains are resonantly enhanced, and the enhancement for
sp-carbon is more pronounced at the 488 nm laser excitation [17].
The sp-carbon chains, which are produced by K-vapor
treatment of PTFE (cf. Fig. 1) are almost completely
quenched by the presence of nanodiamond (curves D, E
on Fig. 2). We only trace weak features, similar to those
in incompletely deﬂuorinated PTFE at early stages of the
reaction with K-vapor (Fig. 1, curve 2). Also the sp2
carbon features in deﬂuorinated PTFE and nD/PTFE
composite are signiﬁcantly diﬀerent. In the second case,
we can trace better developed D- and G-features typical
for polycrystalline graphite. These results are compatible
with a hypothesis that the in situ produced sp-carbon
chains from PTFE readily react with the nanodiamond.
The nanodiamond seems to promote the conversion of
sp to sp2 carbon, but the conversion of sp to sp3 is less
supported by our Raman data. We did not ﬁnd Raman
signal of larger diamond crystals, even in the material,
which was removed from the vacuum cell and washed
with water in contact to air. A typical Raman spectrum
of this end product was similar to that of the starting
nD material (cf. curve C in Fig. 2). Hence, we suggest that
the nanodiamond acts as a catalyst for the sp/sp2 conversion. Our Raman analysis did neither reveal any sign of
sp-hybridized carbon crystals (‘‘carbyne’’), nor any visible
growth of diamond.
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The interaction of liquid water with graphenic carbon
surfaces is important for nanotube dispersion and processing [1], nanotube ﬂuidics [2,3], aqueous phase sorbent
applications [4], protein adsorption and cell behaviour on
carbon implant surfaces [5], and the rates of cell uptake
and biological membrane translocation that inﬂuence
nanomaterial toxicity [6]. In many carbon applications
one wishes to decrease contact angle to improve aqueous
dispersion [1] or increase biocompatibility [5], but there is
also interest in systematically increasing contact angle, in
particular into the so-called superhydrophobic range
beyond 150 to create water-repelling, surface-cleaning surfaces [7]. The technique used most often to increase hydrophilicity (decrease water contact angle) is surface oxidation,
where there are a range of competing oxidants and treatment protocols, but very few studies comparing quantitative water contact angles. Recently Mattia et al. [2,8]
report enhanced hydrophilicity upon NaOH treatment
using CVD ﬁlms as models for nanotubes and nanopipes.
Several recent studies in the nanotube literature use arylsulfonation through diazonium salt chemistry to improve
nanotube dispersion [1]. This treatment may extend the
range of carbon hydrophilicity, but quantitative comparisons of this and other treatments based on contact angle
have not been made to our knowledge.
Much of the recent work on carbon surface chemistry is
targeted at nanomaterials, which are diﬃcult and inconvenient subjects for quantitative hydrophilicity characteriza*
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tion. Here we adopt carbon ﬁlms as model systems for
the study of surface chemistry and apply the simple sessile
drop technique to compare a variety of chemical surface
treatments.
In this study, we fabricate carbon ﬁlms on quartz slides
by physical vapour deposition (PVD), liquid-crystal (LC)
spin coating and then carbonization [9], and microwave
plasma-enhanced chemical vapor deposition (PECVD);
and treat them with a variety of reagents including
HNO3, O3, NaOH, and sulfanilic acid with sodium nitrite.
Most of the experiments are performed on LC-derived
ﬁlms, which are smooth (as-prepared 2.6 nm RMS roughness by AFM) and reveal the eﬀects of surface chemistry
independent of the complex eﬀects of roughness. Fig. 1
shows example images of our sessile drops on the various
ﬁlms showing the full range of wetting behavior from 5
to 167 for the equilibrium contact angle. The wetting
experiments were done at room temperature in air and
quantitative contact angles reported as averages of 2–7
droplets (each 1–5 lL) with the standard error of the mean
reported in Table 1.
Table 1 and Fig. 2 summarize the data from this study.
The cleaved HOPG (SPI-1 Grade) basal surface and the
polyaromatic edge plane of quenched mesophase pitch are
similarly hydrophobic with water contact angles near 90.
This suggests that graphene/polyaromatic plane orientation
is not a signiﬁcant factor in carbons if the edge-planes are
fully hydrogenated. It further suggests that the low contact
angles and large variations in angle seen (5–90 in the
smooth ﬁlms) are primarily due to non-hydrogenated defect
sites and heteroatom (O,N,S) functionalization.

