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Poly(pheny1carbyne): A Polymer Precursor to 
Diamond-Like Carbon 

Glenn T. Visscher, David C. Nesting, John V. Badding, 
Patricia A. Bianconi* 

The synthesis of poly(phenylcarbyne), one of a class of carbon-based random network 
polymers, is reported. The network backbone of this polymer is composed of tetrahedrally 
hybridized carbon atoms, each bearing one phenyl substituent and linking, by means of 
three carbon-carbon single bonds, into a three-dimensional random network of fused rings. 
This atomic-level carbon network backbone confers unusual properties on the polymer, 
including facile thermal decomposition, which yields diamond or diamond-like carbon phases 
at atmospheric pressure. 

T h e  polyacetylene class of polymers, of 
stoichiometry (CR),,, has long been a 
focus of intense research owing to their 
conductive and electronic properties (1). 
These polymers have linear backbones 
consisting of alternating C-C and C=C 
bonds, each carbon bearing one substitu- 
ent (2-5). Recently, inorganic backbone 
polymers of similar stoichiometry, but dif- 
ferent structure, have been synthesized: 
the polysilynes (SiR), and polygermynes 
(GeR), and their copolymers (6). These 
polymers have a continuous random net- 
work backbone, each inorganic atom be- 
ing tetrahedrally hybridized and bound by 
single bonds to three other inorganic at- 

Department of Chemistry, The Pennsylvania State 
Unversty Universty Park, PA 16802. 

oms and one substituent. The properties of 
the network polymers are different from 
those of linear inorganic backbone poly- 
mers because of the network structure. We 
report an analogous carbon-based network 
polymer of (CR), stoichiometry (7). That 
the linear structure is preferred in (CR), 
polymers is to be expected, given the much 
greater strength of C=C over Si=Si or 
Ge=Ge bonds (8). However, appropriate 
synthetic conditions can produce a carbon 
network-backbone polymer of stoichiometry 
(CR), (R = Ph; Ph, phenyl), which is 
analogous in structure to the polysilynes and 
germynes (9-1 3). 

The synthesis (14) was accomplished by 
a procedure analogous to those used for the 
synthesis of the inorganic network polymers 
(6): the reduction of an appropriate RCCl, 

*To whom correspondence should be addressed monomer with an ultrasonically generated 

emulsion of Na-K alloy and an ethereal 
solvent, tetrahydrofuran (THF) (Eq. 1). 

phcc13 + 3.0 N ~ K  475-W, 20-kHz ultrasound, 
THF 

For R = phenyl, poly(pheny1carbyne) (1) is 
obtained from this reaction as a tan powder 
that is soluble in common organic solvents. - 
Insoluble crosslinked material and low mo- 
lecular weight oligomers are the only other 
products. Chemical analysis (15) of 1 was 
consistent with the empirical formula 
(C,H,C),, and gel permeation chromatog- 
raphy of the material gave a weight-aver- 
aged molecular weight of R,,, = 4000 and a 
number-averaged molecular weight of R, 
= 3077, which indicates that 1 is polymeric 
(16). 

Infrared (IR) spectra of 1 show a com- 
plete absence of C=C stretching bands, 
which are characteristic of cis-polyacety- 
lenes and are seen in the IR spectrum of 
poly (diphenylacetylene) ( 2 ) ,  the linear 

polymer whose empirical formula is identi- 
cal to that of 1 (17). The IR spectra also 
show bands consistent only with monosub- 
stituted phenyl rings (15): no di- or tri- 
substituted phenylene-type aryl groups are 
present. The 13C nuclear magnetic reso- 
nance spectroscopy of 1 exhibits a very 
broad resonance (6vlI2 = 800 Hz) centered 
at a chemical shift 6 of 51 parts per million 
(ppm) of the applied field, characteristic of 
quaternary carbon atoms (7, 9-1 3), and no 
resonances other than those of the phenyl 
rings were detected in the vinylic carbon 
region, where the resonances of the back- 
bone carbons of phenyl-substituted acety- 
lenes normally appear (3, 4). The reso- 
nance at 51 ppm is enhanced when 1 is 
synthesized with the use of 10 mole percent 
of a,a,a-trichlorotoluene monomer that 
has been labeled with 13C in the a position. 
These data indicate that C=C bonds are not 
primary structural features of 1 and that this 
polymer therefore does not adopt the linear 
polyacetylene structure. The presence of 
quaternary a-carbons as a primary structural 
feature and the broadness of the 13C reso- 
nances indicate that 1 consists of a random- 
lv constructed rieid network of tetrahedral 
phenylcarbyne uiits in which each carbyne 
carbon forms three C-C bonds to the net- 
work and one to the phenyl substituent 
(Fig. I).  This structure corresponds to the 
network arraneement's found in the analo- " 

gous silicon and germanium polymers and 
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Flg. 1. Schematic representation of the proposed network structure of 1 

copolymers (6) and can be regarded as a 
geometrical isomer of the polyacetylenes. 

The network microstructure of poly- 
(phenylcarbyne) represents a potentially 
useful molecular architecture for chemically 
constructed carbon materials. Other exam- 
ples of carbon-based materials with de 
signed molecular architectures include net- 
work polymers of dendrimer, arborol, or 
hyperbranched structures (9-1 3), which 
consist of monomer units that successively 
branch off from a central core. Poly(phe- 
nylcarbyne) does not belong to this struc- 
tural class, as it does not display the hier- 
archical dimensionality of branching from a 
multifunctional core that is characteristic of 
such materials. Also, all of the reported 
dendritic or hyperbranched types of carbon 
network polymers are composed of molecu- 
lar units, such as aryl groups, which form 
the repeating units or monomers of the 
network. 

An important difference in the poly- 
(phenylcarbyne) structure is that the re- 
peating or network unit is a single carbon 
atom only, making its backbone a three- 
dimensional (3D) network on the atomic, 
rather than the molecular. scale. Fullerenes 
also are composed of such atomic-level 
carbon networks (18), but the repeating 
units are formally sp2 hybridized and .rr 
conjugated, although the geometry adopted 
by many of these carbon atoms actually 
deviates toward tetrahedral. Carbon-based 
small molecules in which formallv tetrahe- 
dral carbon atoms, each bearing one sub- 
stituent, are joined in fused-ring structures 
to form polyhedral shapes, such as the 
cubanes (C8R8) and dodecahedranes 

(C20R20) (7), can be regarded as oligomers 
of the poly (phenylcarbyne) structure. The 
carbon networks of the fullerenes, cubanes, 
and dodecahedranes, however, adopt sym- 
metrical, regular polyhedral shapes, which 
significantly influence their properties, 
whereas the network of 1 is randomly con- 
structed and therefore irregularly shaped. 

The poly(pheny1carbyne) 3D atomic 
network is similar to the 3D atomic struc- 
ture of solids, rather than to the polymer 
networks formed by molecular repeat units. 
The network backbone therefore displays 
solid-like properties (6), such as great rigid- 
ity, semiconductor-like electronic behav- 
ior, and easy conversion to solid-state phas- 
es (see below), more so than do organic 
networks formed by molecular repeat units. 
Such networks are often compared with, 
and display behavior characteristic of, mi- 
celles and membranes (9-13), whereas the 
structure and properties of poly(pheny1car- 
byne) are more analogous to those of small 
clusters of solid sp3 carbon solubilized on 
their surfaces with aryl groups. 

The physical properties of poly(pheny1- 
carbvne) also indicate its structural similar- 
ity tc~ inorganic network backbone poly- 
mers, the polysilynes and polygermynes (6). 
It is, like the inorganic polymers, amor- 
phous, displaying no discrete glass transi- 
tion temperature or melting point. It is 
stable in the presence of air and absence of 
light and can be cast from solution to form 
transparent films. Whereas the electronic 
spectrum of poly (diphenylacetylene) (1 7) 
(Fig, 2R) exhibits several sharp peaks at 296 
and 280 nm, indicative of different lengths 
of conjugated C=C bonds (5, 19), the 

0.i+, , , , >--! 
200 300 400 500 600 700 800 

Wavelength (nm) 

Fig. 2. Electronic spectra of (A) poly(pheny1car- 
byne) [(PhC),, 11 and (B) poly(dipheny1acety- 
lene) (PDPA, 2) in cyclohexane solution. 

electronic spectrum of 1 (15) (Fig. 2A) is 
essentially identical to that of poly(pheny1- 
silyne) (6), an intense broad absorption 
that starts at a wavelength A I 200 nm and 
decreases into the visible to 450 nm. This 
absorption band in polysilynes and polyger- 
mynes has been attributed to extensive u 
conjugation that extends across the 3D 
network backbone (6). Also, 1 exhibits an 
intense, broad fluorescence (A,,, = 460 
nm) (1 5) similar to that of the polysilynes 
(20) and frequency-shifted from that of 2 
(A,,, = 520 nm) (1 7). These features of 
the electronic spectra of I are analogous to 
those produced by long-range through-bond 
electron transfer by way of rigid nonconju- 
gated C-C bonds in molecular species (2 1) 
and are presumed to arise in 1 from hole or 
electron transfer through a similarly hyper- 
conjugated carbon framework, the rigid 
network backbone. In these electronic 
properties, poly (phenylcarbyne) again dis- 
~ lavs  behavior more characteristic of solids . , 

than of nonq-conjugated organic polymer 
networks. 

Compound 1 also undergoes the photo- 
oxidation reaction [insertion of 0 into the 
C-C u-bonded network after ultraviolet 
(UV) irradiation], which has been found to 
be characteristic of the network backbone 
(6, 22) and has allowed the use of polysi- 
lynes as photoresists for submicrometer li- 
thography (22). Exposure of 1 as a solid or 
solution to UV light centered at 254 nm in, 
an ambient atmosphere results, after several 
hours, in the growth of strong C=O and 
C-0-C stretching bands in the IR spec- 
trum, at 1720 and 1180 cm-', respectively. 
No reaction is seen in the IR sDectrum 
when linear 2 is irradiated under identical 
conditions, again indicating the existence 
of a network rather than a linear backbone 
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structure for 1. This reactivity suggests that 
the polycarbynes, like their Si-based conge- 
ners, may be photopatternable and there- 
fore potentially useful in photolithographic 
processes. 

In one other important respect, poly- 
(phenylcarbyne) displays unique reactivity 
owing to its sp3 network backbone struc- 
ture. Although both 1 and 2 are pyrolytic 
precursors to carbon, poly(pheny1carbyne) 
gives predominantly sp3-carbon phases, in- 
cluding diamond or diamond-like carbon, 
whereas 2 produces principally graphite. 
When heated from room temperature to 
either 1000" or 1600°C over 7 hours under 
1 atm of argon (23) (Eq. 2), 1 converts to 
a black, highly reflective, abrasive (24) 
solid that was found to contain only carbon 
by chemical analysis (<0.5% H) and x-ray 
fluorescence (EDX) . 

A, 1000" to 1600°C 
Ar, 1 atm (2) 

This material displays regions that are 
visibly transparent at thicknesses of 35 Fm. 
The x-ray diffraction patterns (25) of this 
carbon vary from sample to sample: peaks 
that correspond to peaks found in the dif- 
fraction patterns of a -  and p-carbyne (26) 
and cubic and hexagonal diamond (27, 28) 
have been observed in different combina- 
tions in different samples. Under the same 
conditions, 2 pyrolyzes to a dull gray pow- 
der, the x-ray diffraction pattern (25) of 
which shows peaks corresponding to poorly 
crystalline graphite and chaoite, a form of 
carbyne that contains a lower percentage of 
sp3 carbon than a-carbyne (26). 

Raman spectra (29) of the most trans- 
parent regions of the carbon obtained from 
the pyrolysis of 1 (Fig. 3, curve A) show a 
oeak at 1336 cm-'. indicative of diamond 
or predominantly $-bonded diamond-like 
carbon (28, 30-35), as well as a peak at 
1582 cm-', which corresponds to "nondi- 
amond carbon" (30). Raman spectra of the 
carbon obtained from pyrolysis of 2 (Fig. 3, 
curve B) show only microcrystalline graph- 
ite (30-34). Atmospheric-pressure decom- 
position of poly (phenylcarbyne) at tempera- 
tures as low as 1000°C therefore oroduces 
sp3-carbon phases, some of which display 
transparency and hardness, as well as char- 
acteristic spectral features, approaching 
those of diamond (27, 28, 30-34, 36). Such 
pyrolysis behavior is not seen in the chemi- 
cally identical organic polymer 2 ,  which 
lacks the sb3-carbon network backbone that 
is the unique structural feature of 1.  

The Raman sDectra of the carbon ob- 
tained from these pyrolyses give further in- 
formation about the structures of the mate- 
rials. No first-order Raman bands are seen in 
the regions of 2900 to 3 100 cm-' or 2 100 to 
2300 cm-', strongly suggesting the absence 
of C-H and C S  bonds in this material. 

800 1000 1200 1400 1600 1800 2000 
Raman shift (cm-I) 

Fig. 3. Raman spectra of (A) the transparent 
carbon produced by pyrolysis of 1 ,  (B) the 
carbon produced by pyrolysis of 2, and (C) the 
black, reflective carbon produced by the pyrol- 
ysis of 1 .  

The Raman spectrum of the black, reflective 
regions of the carbon obtained from the 
pyrolysis of 1 (Fig. 3, curve C) shows peaks 
corresponding to microcrystalline graphite 
(1355 and 1607 cm-') and a broad shoulder 
centered at 1140 cm-I, which is not seen in 
the carbon obtained from the ovrolvsis of 2. 

L !  ! 

Many nanocrystalline diamond samples 
show this feature, which is thought to arise 
from the effects of small crystallite size or 
disorder in the tetrahedral carbon network 
(30). This feature has also been attributed to 
regions of amorphous or microcrystalline 
diamond or to a precursor to crystalline 
diamond (31). Its presence here suggests 
that even the predominantly sp2 regions of 
this carbon may contain some percentage of 
sp3 hybridization. 

The char yield of 1 under the above 
pyrolytic conditions is 40 to 45%, a high 
yield typical of the network backbone struc- 
ture (37); in comparison, a char yield of 
only 13% is seen for the linear polyacety- 
lene 2. After removal of the sp2 hybridized 
carbon by wet etching (27, 32, 33, 38) 
(treatment with concentrated HC104 at 
200°C for 5 hours), the carbon product 
obtained from pyrolysis of 1 retains 67% of 
its original weight, and the carbon obtained 
from the pyrolysis of 2 retains 45%. The 
overall yield of "hard carbon" (carbon that 
is resistant to oxidation by HC104) ob- 
tained from pyrolysis of 1 is therefore 30%, 

and the yield from pyrolysis of 2 is 6%. 
The difference in the amount of sp3 and 

sp2 hybridized carbon in the pyrolysis prod- 
ucts given by the stoichiometrically identi- 
cal polymers 1 and 2 and the formation of 
diamond or diamond-like carbon by the 
atmospheric pressure decomposition of 1 
presumably are attributable to the presence 
in the backbone of 1 of the 3D network of 
tetrahedral carbon atoms, as opposed to the 
spZ hybridized carbons that make up the 
backbone of 2. During pyrolysis, conver- 
sion of this sp3-bonded carbon network to 
predominantly sp3-bonded carbon phases is 
therefore favored even at atmospheric pres- 
sure. High molecular weight carbon net- 
work polymers consisting of linear or "hy- 
perbranched" sp2-based molecules pyrolyze 
to give glassy (12) or amorphous carbon 
(1 3), not sp3 phases, again confirming that 
the all tetrahedral carbon microstructure of 
poly(pheny1carbyne) is the critical feature 
that allows its facile conversion to dia- 
mond-like carbon, and not simply the pres- 
ence of a carbon network. This suggests 
that this class of carbon-based network 
backbone polymers may find potential ap- 
plications as precursors to diamond or hard 
carbon materials at lower oressures or tem- 
peratures than those used in some current 
deposition processes (27, 28, 30-34, 36). 
The conversion properties and yield of the 
polymers, and the quality of the diamond- 
like or hard carbon products obtained from 
them, could be optimized with the use of 
side groups other than phenyl and by more 
sophisticated processing techniques than 
simple pyrolysis. The easy processibility of 
these soluble, film-forming polymers could 
prove advantageous in the coating of sub- 
strates or in the formation of submicrometer 
features with high-resolution laser pyrolysis. 
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