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Poly(naphthalenehydrocarbyne): synthesis, characterization, and application
to preparation of thin diamond films
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The diamond phase precursor, viz., poly(naphthalenehydrocarbyne) (1), was prepared. Its
disordered structure is built of CH fragments with sp3-hybridized carbon atoms, and arene
fragments are inserted in the structure. The use of 1 in the process of diamond layer deposition
makes it possible to prepare highly qualitative thin diamond coatings with low roughness and

good optical properties.
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Uniform thin diamond films (DFs) with low surface
roughness and nanocrystalline internal structure are de-
manded for planar electronic devices, protective optical
coatings, and micro- and nanoelectromechanical sys-
tems.2 The most important condition for preparation of
such DFs is efficient nucleation, for which the method
with ultradispersed diamond (UDD) deposition (usual for
thick (>1 um)3 DFs) is inappropriate because of low den-
sity and nonuniform nuclei distribution on the substrate.
It is known that the efficiency of UDD application can be
enhanced by deposition of a layer of carbon? and ceramics
SiC, SiN,, and TiSiN (see Ref. 5). However, nuclei gener-
ation from an appropriate precursor can serve as a radical
method for nucleation improvement. Poly(phenylcarbyne)
has been used earlier®—? for this purpose. However, thus
obtained films consisted of diamond-like carbon with dia-
mond inclusions. In the present study, we describe the
synthesis of poly(naphthalenehydrocarbyne) (1), viz.,
a new precursor combining the aliphatic framework and
aromatic fragments in its structure. Its structure and po-
tential for using in diamond layer deposition on a silicon
substrate were studied.

Results and Discussion

Synthesis of polymer 1. The general method for pre-
paration of polymers of the poly[(R-)carbyne] series

(R = Ar, Alk, H), in particular, polymers 2 and 3, is the
condensation of heme-trihalides by the action of a KNa
alloy in the ultrasonic field!%-11 (Scheme 1, reaction a) or
by electrolysis!?:13 (Scheme 1, reaction b). Note that these
methods have several substantial drawbacks. For exam-
ple, the use of an explosive KNa alloy in reaction a makes
the latter almost impracticable. Reaction b is also very
difficult in methodical respect (anaerobic electrolysis ac-
companied by Cl, evolution is required, the product needs
purification by prolonged heating with LiAlH,, efc.12:13),
The product yield in procedures a and b is low, and a strong
dependence of the properties of the polymers on many
random factors is observed. Thus, search for convenient
methods of synthesis of poly(carbynes) and, first of all,
poly(hydrocarbyne) (3) as the most promising of them,
remains topical.

Scheme 1

RCBr, + 1.5 KNa <
—KBr, =NaBr R
|
—C
b / \ n
RCCl,

—Cl,

a. Ultrasonication. b. Electrolysis.
R =Ph (2), H (3)

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pp. 1678—1682, September, 2010.
1066-5285/10/5909-1724 © 2010 Springer Science+Business Media, Inc.



Polymeric precursor for diamond films

Russ.Chem.Bull., Int.Ed., Vol. 59, No. 9, September, 2010 1725

For synthesis of polymer 3, we proposed to use the
reaction in which sodium naphthalide is the condensing
agent (Scheme 2, reaction a) (some poly(arylcarbynes)!4
were prepared similarly).

However, contrary to expectations, we obtained com-
pound 1 (Scheme 2, reaction b) instead of polymer 3. As it
will be shown, compound 1 is the adduct of polymer 3 and
naphthalene.
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Polymer 1 is a light brown powder amorphous to
X-rays. The IR spectrum of 1 exhibits a band of aliphatic
framework vibrations at 1058 cm~! and stretching vibra-
tion bands of the C—H bonds at 2925 and 2870 cm~!. The
bands at 1670, 3014, and 3054 cm~!, are likely due to
admixtures of C=C bonds. The intense band at 752 cm™!
corresponds to vibrations of the arene fragments.

Like compound 3 (see Refs 10 and 11), polymer 1 is
paramagnetic, and the ESR signal of 1 (at 20 °C it is
a singlet with g = 2.004, which is characteristic of an
unpaired electron on the carbon atom1%:11) coincides with
the signal from polymer 3. Since compound 1 is paramag-
netic, the 'H NMR signals of the aliphatic framework
appear as a broad resonance at 8 = 1—3, which coincides
with the signal in the spectrum of 3 (see Refs 10 and 11).
At 6.75—7.5 ppm the spectrum of 1 contains a broad band
with a maximum at 8 7.1, indicating the presence of arene
fragments. The intensity ratio of the aromatic and ali-
phatic signals range slightly for different samples of 1 and
corresponds, on the average, to one C;yHg molecule per
29 CH units of the aliphatic network. Note that changes
in composition (the ratios range from 1:28 to 1 : 30) ex-
ert, most likely, no effect on the quality of the obtained
diamond films; however, to confirm this rigorously, addi-
tional studies are needed.

Elemental analysis of polymer 1 shows high (up to
15%) underestimation of the carbon content. As a whole,
this phenomenon is typical of poly(carbynes) and is con-
sidered10-11 to be associated with the incomplete combus-
tion of the samples because of their partial ceramization.

Thus, available data show that compound 1 is based on
the aliphatic network framework with the carbon atoms in
the sp? state in which the arene fragments are distributed.
The type of arene binding in compound 1 remains un-

clear. Probably, the nature of this bond is topological rather
than chemical, because it can be seen that only a minor
part (~3%) of ions [C;yHg]™ involved in reaction b (see
Scheme 2) is included in the structure.

In spite of the presence of arene, the aliphatic frame-
work of polymer 1 can decompose, as shown experimen-
tally, to form diamond clusters that are efficient nuclei of
the diamond layer.

Preparation and study of diamond films deposited using
polymer 1. Polymer 1 was deposited on silicon plates as
a solution in a THF and diglyme (1 : 1) mixture and dried
in air. The samples obtained were placed in a reaction
chamber for the growth of diamond layers by the method
of stabilized dc discharge (Fig. 1). The parameters of the
process are given in Experimental.

The properties of the DFs obtained were studied using
a wide set of methods. The typical diffraction patterns of
the obtained DFs is shown in Fig. 2. Only diamond bands
at 43.96 and 75.44 deg are observed in the explicit form.

According to the data of atomic force microscopy, the
average roughness of the films R, ranges from 10 to 20 nm.
The morphology of the film surface with unfaceted parti-
cles (globules) is characteristic of nanocrystalline DFs.13

The Raman spectra of the synthesized films were char-
acteristic of the nanocrystalline DFs.16 The main features
in the Raman spectra with UV excitation (Fig. 3) are the
intense line at 1333 cm™! corresponding to the first order
of Raman spectra in diamond and the line with a maxi-
mum at ~1580 cm~!, which is the G mode of disor-
dered graphite due to stretching vibrations of all pairs of
sp2-hybridized C atoms in chains and aromatic rings.1?
The half-width of the G band is similar to that for
amorphous tetrahedral carbon ta-C (see Ref. 17). The
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Fig. 1. Scheme of the experimental setup: I, hollow graphite
cathode with a hole (diameter 0.4 mm) at the needle point inside
which the cathode spot is situated; 2, copper cooled anode; 3,
arc rotating discharge; 4, silicon plate; 5, copper disk; 6, highly
porous quartz; and 7, movable platform.
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Fig. 2. X-ray pattern of the prepared DFs. 3100 2900  v/em™!
3000 2000 1000  v/cm™!

asymmetric broadening of the diamond line (half-width
~16 cm™!) compared to the diamond single crystal is due
to the nanocrystalline structure of DFs. According to ear-
lier studies,!® this half-width corresponds to the average
size of crystallites in the DF in a range of 30—40 nm. The
Raman spectrum (see Fig. 3) also contain a peak at
520 cm~! due to the signal of the silicon film on which the
film was deposited. This indirectly indicates that the film
is transparent in the UV region. The films were transpar-
ent in both the IR (Fig. 4) and visible range, which is
indicated by a large amplitude of Cos A in the ellipsomet-
ric spectra (Fig. 5). In addition to a set of bands in the far-
IR region due to the two-phonon and impurity absorption
of the silicon substrate, the IR spectra also contain the
structural absorption band at 2800—3000 cm~! due to the
CH, group stretching vibrations (see Fig. 4). The concen-
tration of bonded hydrogen in the films was calculated by
the integral intensity of this band ad reached 5 at.%,
which is characteristic of nano- and ultrananocrystalline
DFs with a small size of crystallites and, correspon-
dingly, a large total surface area of intercrystalline bound-
aries.!® The main contribution to the IR spectra of stretch-
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Fig. 3. Raman spectrum of the film with scattering excitation at
the wavelength 244 nm.
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Fig. 4. Transmission spectrum in the IR region of the nanocrys-
talline DF deposited on a silicon supported in an arc discharge
with the supported poly(naphthalenehydrocarbyne) layer. Inset:
the spectrum of the absorption coefficient (o) for the film in the
region of CH, group stretching vibrations.

ing vibrations is made by the sp3-CH, groups (maxi-
ma at 2875 and 2935 cm~!) and the band with a maximum
at ~2830 cm™! (see Fig. 4), which is characteristic of mi-
cro- and nanocrystalline DFs and is caused by the pres-
ence of bonded hydrogen at the intercrystalline bound-
aries.20,21

The data of measurements by multiangle spectroscop-
ic ellipsometry (SE) are shown in Fig. 5. The results of SE
measurements were examined in terms of the three-layer
model: silicon substrate/DF/rough surface layer. This ap-
proach is characteristic of analysis of SE data for film
structures with surface roughness comparable with the
wavelength of the incident light. The determined parame-
ters were the thickness, refractive index, and absorp-
tion coefficient of the DF. The surface layer thickness
(15—20 nm) was specified from the atomic force micro-
scopic data by the known?? empirical equation and its
optical properties were simulated for the media consisting
of the AP by 60—70% and of air by 30—40%. The best
agreement between the calculation and model was esti-
mated as the minimum value of the function characteriz-
ing the total root-mean-square deviation of the experi-
mental and calculated values between the ellipsometric
parameters determined at the same wave lengths over the
whole spectral range and at all incident angles at which
the spectra were measured. It was found that the refractive
index of the studied films was ~2.4 (i.e., it was close to
that for natural diamond) and the absorption coefficient
did not exceed 0.03 in the spectral range from 400 to
1000 nm. As is known, annealing of the DFs in air results
in predominant etching of non-diamond carbon and di-
amond regions with enhanced deficiency.23 Consecutive
annealings of the obtained DFs in air in the range from
200 to 550 °C exerted no appreciable effect on the thick-
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Fig. 5. Spectra of the ellipsometric parameters Tan ¥ (a) and
Cos A (b) of the diamond film/silicon substrate structure. Points
are the experimental data for incident angles: 75° (1), 70° (2),
and 65° (3). Solid curves are simulation.

ness and optical properties of the DFs, which indicates
rather high (compared to the diamond-like films) resis-
tance of the obtained DFs to oxidation.

The above-presented data show that DF deposition us-
ing a layer of 1 make it possible to obtain continuous
nanocrystalline coatings with the thickness from 0.1 to
0.4 um. The coatings have the diamond crystalline struc-
ture, low surface roughness (R, = 10 nm), and high optical
properties.

Comparison of 1 with poly(phenylcarbyne) (2), whose
application for nucleation is less efficient,%—2 shows that
polymer 1 substantially exceeds polymer 2b by such an
important parameterl® as the relative content of carbon
atoms with the sp? and sp? state in the structure (sp> : sp2 =
=3:1for1and1:6 for2). Thus, under other conditions
being equal, polymer 1 is likely capable of providing more
efficient nucleation than polymer 2. In combination with
availability of polymer 1 from the synthetic viewpoint,
this allows one to consider 1 as one of the most promising
precursors for deposition on thin DFs.

Experimental

Synthesis of poly(naphthalenehydrocarbyne) (1). All manipu-
lations were carried out under argon atmosphere. Tetrahydrofu-
ran was refluxed and distilled from sodium benzophenone ketyl;
CHBr; was dried over CaCl, and distilled; naphthalene was dried
in vacuo for 30 min at 40 °C. The 'H NMR spectrum was record-
ed on a Bruker DPX 300 spectrometer. ESR spectra were mea-
sured on a Varian E13 spectrometer at 20 °C.

Sodium (5.06 g, 0.22 g-at.) as a sand was added to a solution
of naphthalene (40.2 g, 0.32 mol) in THF (250 mL). The mix-
ture was stirred for 12 h at 20 °C. A solution of CHBr;3 (15.52 g,
61 mmol) in THF (50 mL) was added dropwise to the resulting
green solution for 15 min with stirring and cooling in an ice bath.
The mixture was let to warm to 20 °C, methyllithium (3.0 mL
of a 0.6 M solution in ether) was added, and the mixture
was stirred for 1 h. Water (10 mL) was added to the mixture,
the solution was separated from the precipitated salts, and
the solvent was evaporated in vacuo. The residue was extracted
at 40 °C with hexane (2x250 mL), decanting the precipi-
tate. The residue was dissolved in CH,Cl, (50 mL), and the
solution was centrifuged to remove salts and concentrated
by evaporation to a volume of ~10 mL. Hexane (30 mL)
was gradually added to the solution obtained, and a yellowish-
brown precipitate was filtered off and dried in vacuo at
60 °C. The yield was 0.72 g. Found (%): C, 83.1—90.4;
H, 7.09—7.98; Br <0.2; Na, <0.2. C3gHz¢. Calculated (%):
C,92.86; H, 7.14. 'TH NMR (CDCl,), &: 0.80—3.00 (br.s, 4.13 H,
CH); 6.75—7.50 (br.s, 1 H, CyyHg). ESR (powder): singlet,
g=2.004, AH=5G.

Deposition of the DFs on the silicon substrate using 1. Films
of 1 with a thickness of ~1 um were deposited on standard pol-
ished plates (diameter 76 mm, thickness 0.3 mm) etched with
hydrofluoric acid. A solution of 1 in THF—diglyme (1 : 1) mix-
ture was used for deposition. After deposition of the solution, the
samples were dried in air and placed in the reaction chamber of
the setup (see Fig. 1).

Diamond films were prepared by the plasma-enhanced
chemical vapor deposition of carbon from a mixture of methane
(3%), hydrogen (77%), and argon (20%) in an arc dc discharge
rotating in the magnetic field with a frequency of 100 Hz. The
temperature on the silicon plate surface was 730 °C. The pres-
sure of the flowing gas medium was 1.6 mbar.

Characterization of the obtained DFs. The X-ray phase anal-
ysis of the films was carried out on an ARL X TRA diffractome-
ter. Raman spectra were recorded on a Raman System 100 spec-
trometer (Renishaw) with scattering excitation at the wavelength
244 nm at a laser radiation power of 10 mW. The optical proper-
ties in the visible range were studied by multiangle spectroscopic
ellipsometry on an ES-2 multichannel spectral ellipsometer. In-
frared spectra were measured on a Bruker Spectrum 100 Optica
FTIR spectrometer. An ULTRAODbjective combined optical and
atomic-force microscope (Carl Zeiss) was used for studying the
morphology of the films, and the measurements were carried out
in the semicontact mode.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos 09-03-00605
and 07-03-00956).
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