














 18  1 Carbon – Element of Many Faces

conveyor belts covered with a layer of fat. The diamond adheres to it, while other 
rock is carried on and discarded. Especially in large - scale industrial exploitation, 
there are also X - ray sorters in use. The current annual production is about 150.2 
megacarat (30   t) with Australia (6.6   t), Africa (16   t in total), and Russia (4.8   t) being 
the main suppliers. Stones of gem quality are obtained from the respective dia-
mond - rich fractions by assessing the raw diamonds ’  color, crystallinity and distri-
bution of inclusions. Still a big part (an average of 50%, depending on the site of 
exploitation) does not fulfi ll the requirements for jewelry and thus is employed to 
make cutting and abrading tools. However, this amount is far from suffi cient to 
satisfy the demand for industrial diamonds. 

 The selected raw diamonds are cleaved along suitable crystal planes to obtain 
stones for jewel manufacture. These are processed in a way to bring out the bril-
liance and its particular refraction of color (Figure  1.17 ). For grinding and polish-
ing, diamond powder is used as no other material is hard enough to cause abrasion 
on diamond. The markedly varied hardness of its crystal planes is employed for 
this process: the polishing powder contains irregularly shaped fragments that 
represent material of every required hardness to abrade each crystal plane. The 
main task in diamond cutting is to accentuate the stone ’ s luster. As much of 
the raw material as possible shall be preserved in doing so while achieving attrac-
tive gems nevertheless. Hence a multitude of cuts has been developed over the 
centuries, culminating in the so - called brilliant  full cut   that possesses at least 32 
facettes and a plate  on the upper half, and at least 24 facets and an optional calette  
on the lower. The stone ’ s perimeter  is circular. By this treatment the greatest 
possible dispersion of light is achieved (Figure  1.17 b).   

 The quality of gem diamonds is judged by the  4 C - method , comprising  color , 
 c larity (purity; size and kind of inclusions),  c ut (the quality of it), and  c arat (weight). 
1   carat equals 0.2   g. The measure originates from antiquity    –    it is defi ned to be the 
mass of a seed from the carob tree. These tend to weigh exactly 0.2   g with surpris-
ing reproducibility. 

 As already suggested by the criteria of quality assessment, there are also colored 
or  fancy diamonds . They are generated by substitution of foreign atoms to single 

     Figure 1.17     (a) Raw diamond in parent rock (  ©  US Geological Survey ), (b) jewelry diamond 
in brilliant cut and (c) evolution of cut types from simple octahedral stones to brilliants.  
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lattice positions (Section  1.2.2 ). The black  carbonados  on the other hand are poly-
crystalline objects with inclusions of graphite, yet their natural color mostly is an 
unattractive brown that renders these stones only suitable to industrial purposes. 
Pure colors are rare, and the respective stones are very expensive. 

 Ways to produce artifi cial diamond had been sought for long. The fi rst success-
ful attempt in 1953 was largely ignored by the public, and to the present day it is 
not the Swedish scientists H. Liander and E. Lundblad of the ASEA company 
(Alm ä nna Svenska Elektriska Aktiebolaget) being reputed for the diamond syn-
thesis, but researchers from the General Electric company    –    even though they 
presented their effective procedure but in 1955. They employed the high pressure/
high temperature transformation of graphite ( HPHT - synthesis ) in a hydraulic press 
generating several gigapascals (Figure  1.18 ) while the temperature was maintained 
at about 1500    ° C. The addition of a catalyst accelerates the process; molten metals 
from the subgroups of iron or chromium (groups VIB and VIIIA, mainly iron and 
nickel) are suitable. In parts, the catalytic effect presumably consists in forming 
unstable metal carbide intermediates. Furthermore, graphite is more soluble in 
the molten metal than diamond. The graphite is covered with a thin fi lm of liquid 
metal in which it solves to saturation. As graphite is thermodynamically unstable 
under the given conditions, it changes into diamond. This now precipitates from 
the melt as the latter is already supersaturated regarding the less soluble product.   

 Today about 540 megacarat (108   t) of industry - grade diamond are synthesized 
per year. In terms of cost per amount, the production of artifi cial diamond can 
easily compete with the hauling of natural material and so the fi rst clearly sur-
passes the latter in the annual output. Main suppliers in 2003 have been Russia 
(16   t), Ireland (12   t), South Africa (12   t), Japan (6.8   t), and Belarus (5   t) (according 
to US Geological Survey)(Table  1.2 ). Recently, China entered the market on a large 
scale as well.   

     Figure 1.18     Press for the 
production of artifi cial diamond. 
The capsule in the heart of the 
press contains the carbon, a seed 
crystal and the catalyst.  
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 Industrial diamonds typically are colored gray to brown; they have numerous 
defects and a maximum size of 1 carat. It has been possible, however, to synthesize 
jewelry - grade diamonds as well. These may additionally be colored by deliberate 
doping. Still, for the time being, the considerable price for crystal - clear synthetic 
diamonds prevents a wide commercial use. The largest synthetic diamond to date, 
weighing 14.2 carat, was made in 1990. Synthesis starts with carbon strongly 
depleted of the isotope  13 C to distinguish artifi cial from natural stones. 

 Today there are several other ways of diamond synthesis besides the HPHT 
method. For example, it is possible to utilize the pressure of a shock - wave 
generated in an explosion. This process mostly yields powdery products with 
particle sizes in the range of micrometers (1   mm at max.) that may be employed 
for industrial purposes as well. Moreover, very small diamonds (5 – 20   nm) can be 
made by reacting explosives in confi ned containers. Diamond fi lms are produced 
on various substrates by chemical vapor deposition ( CVD method ) using methane 
as a carbon source. Detonation synthesis and vapor deposition will be described 
in detail in Chapters  5  and  6 .   

  1.4 
 Physical Properties 

 The variety of modifi cations is an outstanding characteristic of carbon. This 
becomes more than obvious from its phase diagram that has grown into the most 
complex fi gure considering ever new scientifi c results. Besides the long - known 
variants existent at normal pressure, there are also high - pressure phases. They 
are widely unexplored because their extreme conditions of existence render them 
almost impossible to study. Figure  1.19  exemplarily shows a simplifi ed phase 
diagram.   

 Carbon is a typical main group element due to its properties. It is a nonmetal 
with the ground state electron confi guration [He]2s 2 2p 2 . The electronegativity of 
2.55 on the Pauling scale is quite close to that of adjacent elements in the periodic 
table, for example, P (2.1), B (2.0), or S (2.5). The fi rst energy of ionization is 
1086.5   kJ   mol  − 1  (refer to Table  1.3  for further values).   

  Table 1.2    Annual production of natural diamond in 2003  ( accordng to US Geological Survey ) . 

        Australia     Botswana     Congo     Russia     South Africa     Canada  

  Annual production of 
diamond in megacarat  

  33.1    30.4    27.0    24    12.7    11.2  

  of these: stones of gem 
quality in megacarat  

  14.9    22.8    5.4    12    5.1    n.a.   a)     

   a) n.a.: not available.   
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 Besides the most abundant isotope  12 C (98.89%) there are also the isotope  13 C 
(1.11%) and the radioactive  14 C (traces). The molar weight of carbon (12.011   g   mol  − 1 ) 
results from this isotopic composition.  14 C is employed to determine the age of 
archeological objects (radiocarbon dating). The stable isotope  13 C is a valuable tool 
for molecular structure elucidation by NMR spectroscopy because its nuclear - spin 
quantum number is  I    =    ½ . 

 In any further discussion of physical properties the considerable differences 
between modifi cations must be accounted for, so it is sensible not to describe the 
element ’ s characteristics, but those of the respective allotropes. 

  1.4.1 
 Graphite and Related Materials 

   α   - Graphite is the thermodynamically most stable form of carbon under normal 
conditions. Its standard enthalpy of formation is 0   kJ   mol  − 1 , accordingly. The appli-
cation of pressure and simultaneous heating convert it into diamond.   β   - Graphite 
can be obtained directly from milling   α   - graphite, whereas a straightforward trans-
formation into further modifi cations like glassy carbon, fullerenes (Chapter  2 ), or 
nanotubes (Chapter  3 ) does not succeed. Table  1.4  compares some of the most 
important properties of graphite and diamond.   

 The density of graphite varies strongly depending on the material ’ s origin and 
dispersity. It is 2.26   g   cm  − 3  for ideal graphite, but it may be as low as 1.5   g   cm  − 3  in 

     Figure 1.19     The phase diagram of carbon, not 
including fullerenes and carbon nanotubes (  ©  
Wiley - VCH 2000 ).  

  Table 1.3    Energies of ionization of carbon. 

   Ionization energy     1st     2nd     3rd     4th  

  kJ   mol  − 1     1086.5    2351.9    4618.8    6221.0  
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poorly graphitized, powdery samples. Carbon black has a density of 1.8   g   cm  − 3  that 
might be increased by thermal treatment    –    volatile hydrocarbons are expelled, and 
values of up to 2.1   g   cm  − 3  may be achieved. The density of glassy carbon is about 
1.5   g   cm  − 3 . 

 The graphite ’ s anisotropy regarding many characteristics is a noteworthy feature. 
It is caused by the layered structure and affects electrical and thermal conductivity 
as well as mechanical characteristics like modulus of elasticity or tensile strength. 
The fi rst is 5.24    ×    10 5    N   cm  − 2  in parallel with the  z  - axis, but 18.77    ×    10 5    N   cm  − 2  in 
parallel with the  xy  - planes. The tensile strength perpendicular to the planes is two 
to fi ve times higher than in parallel to them, and also the hardness according to 
Mohs is larger in the  z  - direction ( H  M    =   4.5) than parallel to the layers ( H  M    =   1). 

 In graphite possessing a more or less undisturbed lattice, the heat capacity at 
25    ° C is 0.126   J   mol  − 1    K  − 1 , whereas in samples with a more defective lattice (soot, 
activated carbon, etc.) it is higher due to the imperfect stacking. Conduction of 
heat in graphite is mainly affected by lattice wave transmission along the graphene 
layers, which also refl ects in the values of thermal conductivity. These pass a 
maximum of more than 4.19   W   cm  − 1    K  − 1  at about room temperature. Once again 
the method of preparation substantially infl uences the exact value. 

 The electrical conductivity is caused by  π  - electrons that always belong to a spe-
cifi c graphene sheet and rarely ever change to another. Graphite thus is a good 
electric conductor in parallel to the lattice planes with a conductivity of 10 4  to 
2    ×    10  − 5     Ω   − 1    cm  − 1  (specifi c resistance 5    ×    10  − 5  to 10  − 4     Ω    cm). In the direction of the 
 z  - axis, on the other hand, the material behaves more like an insulator with a con-
ductivity of 0.33 to 200    Ω   − 1    cm  − 1  (specifi c resistance 0.005 to 3    Ω    cm). 

 The most particular among the optical properties of graphite and related materi-
als is the approximation to an ideal black body: microcrystalline forms of carbon 
have the highest absorptivity. Soot, for example, absorbs up to 99.5% of the incom-
ing radiation. This value is much lower for other, better crystallized carbons, and 
very thin crystals of graphite are even transparent. The big absorptive capacity and 
black color of polycrystalline carbons is caused by their low particle size. Within 

  Table 1.4    Comparison of physical properties of graphite and diamond. 

   Characteristic     Graphite     Diamond  

  Color    Black with metallic luster    Colorless  
  Refractive index  n  D(546     nm)     2.15 ||; 1.81  ⊥     2.43  
  Density    2.266 (exp. 1.5 – 2.2) g   cm  − 3     3.514   g   cm  − 3   
  Combustion enthalpy    393.5   kJ   mol  − 1     295.4   kJ   mol  − 1   
  Hardness (Mohs)    1 ||; 4.5  ⊥     10  
  Band gap    0   eV    5.5   eV  
  Specifi c resistance    0.4 – 0.5    ×    10  − 4     Ω    cm ||; 0.2 – 1.0    Ω    cm  ⊥     10 14  – 10 16     Ω    cm  

  ||: parallel to graphene layer. 
  ⊥ : perpendicular to the planes (along z-axis).  
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the pores and in between particles the irradiated light is repeatedly refl ected, 
leading to a stepwise absorption so it does not leave the surface again. The refl ect-
ing power of graphite is between 1 and 50%, depending on the wavelength. The 
UV spectrum exhibits a maximum at 260   nm related to the difference of energies 
between states of maximal density in valence and conduction bands ( π  - resonance). 
The IR and Raman spectra of graphite each show a solitary, characteristic signal 
(Figure  1.20 ) at 867   cm  − 1  and 1575   cm  − 1  respectively.    

  1.4.2 
 Diamond 

 Although the enthalpy of formation under standard conditions for diamond 
is 1.9   kJ   mol  − 1  higher than that for graphite, the fi rst does not spontaneously 
transform into the latter, but rather represents a metastable modifi cation under 
normal conditions. In contrast to graphite it is not at all anisotropic regard ing 
any property. 

 The density of diamond is comparatively high, 3.514   g   cm  − 3 . Its hardness accord-
ing to Mohs is 10, which is the highest value ever measured for a natural material. 
(Note that today there are several synthetic materials with a hardness higher than 
that of diamond; these include some of the polymeric fullerenes (Chapter  2 ) 
obtained under high pressure.) Still hardness is not equal for each crystal plane. 

 Furthermore, diamond exhibits the largest thermal conductivity among all natu-
rally occurring materials. With 20   W   cm  − 1    K  − 1 , it is about fi ve times higher than that 
of copper. At the same time it expands only to small extents, which refl ects in a 
coeffi cient of thermal expansion of 1.06    ×    10  − 6    K  − 1 (mK  − 1 ). The specifi c heat capacity 
at 25    ° C is 6.12   J   mol  − 1    K  − 1 . 

 Diamond without any defects is an electric insulator with a band gap of 5.5   eV. 
The specifi c conductivity of such isolating material is 8    ×    10  − 14     Ω   − 1    cm  − 1 , whereas 
for semiconducting diamond of type IIb it is about 10  − 8     Ω   − 1    cm  − 1 . 

     Figure 1.20     (a) IR spectrum of graphite (  ©  APS 1985 ), (b)  Raman  spectrum of graphite 
(  ©  AIP 1970 ).  
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 The optical properties are the reason for diamond being used as a gem. Besides 
a high refractive index it features considerable dispersion: while the refractive 
index is 2.41 at a wavelength of 644   nm, it is already 2.54 at 300   nm and 2.70 in 
the UV at 230   nm. This gives rise to the so - called fi re of the diamond    –    the varied 
refraction of different wavelengths and the associated ardent play of colors in cut 
stones. The good refl ecting power ( R    =   30 – 60, depending on  λ ) is an additional 
contribution. Neat diamond is transparent both in the ultraviolet and the infrared 
range of the spectrum. Owing to their purity, type IIa diamonds are suited best to 
examine absorptive properties. The absorption edge at room temperature is situ-
ated at 230   nm and shifts toward higher wavelengths with increasing tempera-
tures. Type I diamond shows two characteristic bands at   λ     =   415   nm and   λ     =   503   nm 
and the absorption edge lies at a markedly higher wavelength (  λ     =   330   nm) than 
in perfect diamond. 

 Samples of diamond sometimes also exhibit considerable fl uorescence. Espe-
cially type I diamonds bearing impurities of nitrogen have a pronounced spectrum 
with two maxima already known from UV/Vis absorption. (  λ     =   415   nm: most likely 
from transitions without participation of foreign atoms or vacancies, but at defects 
generated from the breaking of C – C -  σ  - bonds; and   λ     =   503   nm: from transitions 
including foreign atoms on lattice positions.) 

 The Raman spectrum of diamond is very simple, with a single line at 1331   cm  − 1  
resulting from the vibration of the two face - centered partial lattices moving against 
each other. In the infrared spectrum, on the other hand, there are several bands 
with in parts distinctive features of types I and II, respectively. In the range from 
1500 to 5000   cm  − 1 , there are two signals for diamonds of type IIa ( ∼ 2400 and 
 ∼ 3600   cm  − 1 ) resulting from lattice vibrations. For type IIb, an additional band at 
2800   cm  − 1  is perceptible. Nitrogen - containing diamonds of type I show yet another 
signal at about 1200   cm  − 1  caused by the nitrogen; this may be split into anything 
up to four maxima. In Chapters  5  and  6 , the spectroscopic properties of diamond 
materials will be discussed in more detail.   

  1.5 
 Chemical Properties 

 Carbon is a fairly inert element and most of its modifi cations may only be reacted 
under rather harsh conditions. Nevertheless the entire Organic Chemistry, known 
exclusively to deal with its compounds alone, is founded on the chemistry of 
carbon. This apparent contradiction is resolved by the simple compounds being 
hard to obtain from the elements, but any further reaction being quite easy to 
achieve. They succeed in impressive variety, mainly due to the manifold ways of 
carbon bonding with itself (chains, rings, single and multiple bonds, etc.). 

 Carbon ’ s chemistry is governed by its position in the fourth main group. In 
contrast to the higher elements in this group it does not tend to exert only two 
out of its four valencies. The maximum connectivity, as present, for example, in 
diamond, is 4. The octet rule is strictly obeyed in covalently bound carbon, yet 
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there are several coordination compounds with up to eight bonding partners. 
On these occasions, carbon is engaged in three - center two - electron bonds (for 
example, Al 2 (CH 3 ) 2 ). They are, however, only possible with more electropositive 
coordination partners. Due to its medium position in the periodic table, carbon 
reacts with oxygen as well as with hydrogen and may adopt any oxidation number 
from +4 to  − 4. Methane (CH 4 ) and carbon dioxide (CO 2 ) represent the extremes 
of this range. 

 Carbon monoxide and carbon dioxide, respectively, are obtained from reacting 
carbon with water or oxygen at a suffi ciently high temperature. The latter deter-
mines the course of the reaction as well as the present amounts of oxygen or water 
vapor do. The different enthalpies of the oxidative steps may be explained by the 
destruction of the crystal lattice required in the reaction of solid carbon to give 
CO. No energy has to be applied for this process in the second step from CO to 
CO 2 , so more heat is released here.

   C O CO kJ mols 2( )
−+ → = −( )0 5 110 6 1. .ΔH     (1.1)  

   CO O CO kJ mol+ → = −( )−0 5 283 22 2
1. .ΔH     (1.2)   

 Strong heating of carbon with gaseous sulfur yields carbon disulphide (CS 2 ) in an 
endothermal reaction. This may be further reacted with elemental chlorine to give 
carbon tetrachloride. 

 With metals and elements such as boron or silicon (in general, with less elec-
tronegative elements) carbon forms carbides. Consequently carbon is the electron 
acceptor in these compounds. There are three different types: salt - like, metallic 
and covalently bound carbides. 

 Salt - like carbides are obtained with the electropositive metals from main groups 
1 to 3, and with certain lanthanides and actinides. The characteristic feature of 
this type is the presence of carbon anions. There are methanides (containing C 4 −  ), 
acetylenides (  C2

2−) and allenides (  C3
4− ). Methanides have been described for alumi-

num and beryllium; they yield methane upon hydrolysis. The acetylenides, that 
produce ethine when reacted with water, hold isolated [C ≡ C] 2 −   - ions in their lattice. 
Elements from the fi rst main group and subgroup form structures with a composi-
tion of M 2 (C 2 ), whereas it is MC 2  with those from the second main group and 
subgroup. With trivalent metals a stoichiometry of M 2 (C 2 ) 3  is obtained (M   =   Al, 
La, Ce, Pr, Tb). The most important of acetylenides is calcium carbide. It is pro-
duced on a million - tons - scale to generate acetylene for welding or, by reacting it 
with atmospheric nitrogen, to give calcium cyanamide (CaCN 2 ), which is a valuable 
raw material for the fertilizer industry. As for the allenides, there are only Li 4 C 3  
and Mg 2 C 3  known to date. These contain isolated [C = C = C] 4 −   - ions and release 
propyne upon hydrolysis. 

 Elements from subgroups 4 to 6 form metallic carbides that feature a series 
of distinct metallic properties (conductivity, metallic luster). Where the atomic 
diameter of the metal is more than 2.7    Å , the carbon atoms may sit in the octahe-
dral gaps of the host lattice. If all of these sites are occupied, a compound with the 
composition MC (M   =   Ti, Zr, Hf, V, Nb, Ta, Mo, W) is obtained regardless of 
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the metal ’ s preferred valency. Usually they exhibit a cubic dense packing. Filling 
only 50% of the octahedral gaps yields carbides with a stoichiometry of M 2 C 
(M   =   V, Nb, Ta, Mo, W), normally with a hexagonal dense packing. The different 
types of intercalary carbides show in parts remarkable properties: their melting 
points lie between 3000 and 4000    ° C, chemically they are largely inert, and their 
hardness comes close to that of diamond. Especially tungsten carbide fi nds wide-
spread application as material for heavy - duty tools. Furthermore there are metallic 
carbides of third period metals from the subgroups 6 to 8 whose atomic diameter 
is less than 2.7    Å . Their respective octahedral gaps are too small to harbor carbon 
atoms, and so the metal lattice is distorted on carbide formation. At the same time 
the carbon ’ s coordination number increases, giving rise to a stoichiometry of M 3 C 
(occasionally also M 3 C 2 , M 5 C 2 , M 7 C 3 , etc.; M   =   Cr, Mn, Fe, Co, Ni). Herein the 
carbon atoms usually are trigonal - prismatically surrounded by metal atoms. 
 Cementite  (Fe 3 C, an important structural constituent of steel) is an exponent of 
this class of carbides. 

 Elements with an electronegativity similar to that of carbon yield covalent 
carbides. They also feature great hardness. Most of all, silicon carbide has several 
applications for mechanically stressed objects (grinding and cutting tools) or as 
material for high - temperature transistors, light - emitting diodes, infrared radiators, 
etc. It is produced, for example, according to Acheson by the direct reaction of 
coke and quartz sand in an electric furnace. Boron as well forms several covalent 
carbides with stoichiometries of B 12 C 3 , B 13 C 2 , and B 24 C, which are employed for 
steel borination, as neutron absorber in nuclear reactors, or for vehicle armoring. 

 Carbon forms a multitude of compounds with the halogens. Typical stoichi-
ometries are CX 4 , C 2 X 6 , C 2 X 4 , and C 2 X 2 . Commercially important examples for this 
class of compounds include carbon tetrachloride, FCCs (fl uoro - chloro - carbons) 
and PTFE (polytetrafl uoroethylene, tefl on). The FCC ’ s signifi cance has decreased, 
though, because of their detrimental effect on the ozone layer and the resulting 
ban of their use. 

 With nitrogen, carbon forms a series of nitrides with a composition of (CN)  n   
( n   =    1, 2, x, where x can be any large number except  ∞ ) among which the cyanogen 
( n   =    1) is stable at high temperatures only. Paracyan (CN)  x   is obtained from dicyan 
by polymerization. 

  1.5.1 
 Graphite and Related Materials 

 Graphite may be the thermodynamically most stable modifi cation of carbon. Still 
it is chemically attacked more easily than diamond due to its layered structure and 
the comparatively weak interaction between the graphene sheets. Altogether the 
graphite ’ s reactivity toward many chemicals is rather low nevertheless. With chlo-
rine, for example, it does not react at all under usual conditions, and even with 
fl uorine reaction occurs only at more than  ∼ 400    ° C. Suitable performance yields 
the transparent, colorless carbon monofl uoride CF (up to CF 1.12  due to additional 
fl uorine atoms at marginal positions and defects), a chemically very resistant 
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insulator that is employed as dry lubricant. The individual layers of the graphitic 
lattice are conserved in (CF)  x   (Figure  1.21 a), with the fl uorine atoms alternatingly 
pointing upward and downward. This causes an interlayer distance of 6    Å , com-
pared to 3.35    Å  in graphite. On nonstoichiometrical fl uorination (CF 0.8 – 0.9 ), the 
obtained graphite fl uoride retains its electrical conductivity. Fluorination at tem-
peratures  > 700    ° C converts graphite into CF 4 , whereas con centrated nitric acid 
turns it into mellitic acid C 6 (CO 2 H) 6  that contains planar C 12  - units (Figure  1.21 b). 
In the mixtures of HNO 3 /H 2 SO 4 , graphite reacts with potassium perchlorate to 
give the so - called graphitic acid, named such for the existence of weakly acidic 
OH - groups. This compound is obtained as greenish - yellow, lamellar crystals that 
explode on heating. Aqueous bases do not perceptibly attack graphite, and the 
reaction with hydrogen succeeds only at high temperatures, for example, in an 
arc, mainly to yield acetylene. Graphite is not soluble in any of the common sol-
vents; only molten iron does solve signifi cant amounts.   

 A particularity within the chemical behavior of graphite is the formation of the 
so - called intercalation compounds. These result from embedding atoms or mol-
ecules in between single graphene sheets ( “ sandwich ”  structure). Their weak 
interaction enables the formation of this kind of compounds. There is a rearrange-
ment of charges upon intercalation so the carbon layers are polarized (or even 
ionized) either negatively or positively, depending on the kind of intercalate 
(embedded atom or molecule). The exchange of electrons between the intercalate 
and the graphite ’ s  π  - bands increases the number of charge carriers in the conduc-
tion or the valence band, respectively. Electron - withdrawing species cause holes 
in the valence band of the graphite, whereas electron donors partly fi ll the conduc-
tion band with electrons. Therefore graphite intercalation compounds exhibit an 
increased electrical conductivity. 

 The longest known among these compounds are the C  n  K phases ( n    =   8, 24, 36, 
48), with the fi rst of them, C 8 K, having been made in 1926 already. Depending on 
the stoichiometry, the potassium atoms are separated by one to four graphene 
layers (Figure  1.22 ) in these compounds, which are referred to as  steps . The fi rst 
of these steps deviates from the C 12   n  K - rule ( n   =    2, 3, 4) that holds for higher 
homologs    –    it represents the compound with the highest possible number of 
potassium atoms incorporated. It is noteworthy that the distance between graph-
ene layers increases only by 2.05    Å , which after all is much less than could be 

     Figure 1.21     (a) Structure of the compound (CF)  x   resembles an undulated graphene sheet or 
the structure observed for  Lonsdaleite , (b) mellitic acid.  
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expected upon the intercalation of metal atoms measuring 3.04    Å . This indicates 
an interaction of the potassium atoms with the clouds of  π  - electrons of the sur-
rounding graphene sheets.   

 Actually, K +  ions are formed    –    the released electron is transferred into the graph-
ite ’ s conduction band, causing the high electrical conductivity. C 8 K is a versatile 
reducing agent in organic synthesis. Besides potassium, other alkaline or alkaline 
earth metals may form ionic intercalation compounds as well. Their composition 
is C  n  M (e.g., M   =   Rb, Cs, Ca with  n   =    8, 24, 36, 48 or M   =   Li, Ca, Sr, Ba with  n   =    6) 
with the graphite being reduced. Sodium – graphite compounds, on the other hand, 
are hard to obtain. The golden - colored C 6 Li is employed in effi cient batteries. 

 As the valence and the conduction band exhibit similar energies, the graphite 
in intercalation compounds may also be oxidized when electron acceptors are 
embedded. The intercalation compounds with bromine or certain interhalides 
are important examples here: iodine and chlorine do not react with graphite, 
whereas with fl uorine, the aforementioned carbon fl uorides are obtained. In C 8 Br, 
then, electrons from the valence band of graphite are transferred to the bromine. 
However, it is not present as isolated anions, but in the shape of polybromide 
ions. The Br – Br distance of 254   pm correlates quite well with that between 
the centers of the hexagons in the graphite lattice (256   pm). For other polyhaloge-
nide anions, on the other hand, the interatomic distance (Cl – Cl: 224   pm and I – I: 
292   pm) is too low or too high, respectively, to perfectly fi t in these voids, and 
consequently no interstitial compounds are formed. Iodine monochloride (expected 
I – Cl distance: 255   pm) then again is incorporated. Halogen intercalation com-

     Figure 1.22     Intercalation compounds of 
potassium with different contents of metal 
are highly ordered structures. (a) Stacking of 
graphene layers and metal atoms (side view), 
(b) top view of the metal atoms arranged in 

the graphene lattice. The dark circles indicate 
positions occupied in all cases, while the 
position marked by the light circle is only 
occupied in C 8 K.  
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pounds are also good electric conductors. However, the charge transport occurs 
via holes (defect electrons) instead of electrons, similar to the mechanism in 
p - doped semiconductors. 

 Apart from graphite halogenides, there are also intercalation compounds with 
sulfuric, nitric, phosphoric, perchloric, and trifl uoroacetic acid. They all exhibit a 
considerably larger distance between their graphene layers, and the graphite 
donates electrons to the respective intercalate. With sulfuric acid, for example, 
graphite hydrogensulfate is obtained, and the reaction with nitric acid yields 
graphite nitrate. Also metal salts and oxides like FeCl 3 , AlCl 3 , SbF 5 , CrO 3 , CuS, etc. 
may be embedded between the graphene sheets. The chromium oxide compound 
CrO 3  - graphite is a selective oxidant to convert secondary and tertiary alcohols into 
the related keto - compounds ( Lalancette  reagent), whereas AlCl 3  - graphite is 
employed as a selective Friedel – Crafts catalyst.  

  1.5.2 
 Diamond 

 Diamond is extremely hard to subject to a chemical reaction. Due to its perfect 
crystal structure, it is only attacked at very high temperatures. It is true that 
diamond powder is infl ammable, yet bigger lumps are only ignited in an oxygen 
blower at more than 800    ° C. The oxidation rate depends on the size and surface 
characteristics of the single particles; the temperature of combustion varies 
between 750 and 880    ° C. In a stream of oxygen at 900 to 1200    ° C, diamond reacts 
completely to carbon dioxide, whereas graphite yields a CO/CO 2  mixture. 

 No reaction takes place with acids or bases, appreciable attack only occurs 
with chromosulfuric acid, producing carbon dioxide. With fl uorine at more 
than 700    ° C, diamond reacts to give carbon fl uorides or to be surface - fl uorinated. 
The hydrogenation of the diamond ’ s surface succeeds in a stream of hydrogen at 
high temperatures, yet the entire sample is not converted. The action of iron at 
more than 1150    ° C yields an alloy. With nitrogen, no appreciable reaction is 
observed even at high temperatures, and with water vapor at about 1000    ° C, 
diamond weakly reacts forming carbon monoxide. Highly oxidating melts of 
KClO 3  or KNO 3  do not attack diamond (with the exception of black, polycrystalline 
material). Altogether, little is known about  “ diamond chemistry ”  in the true sense 
of the meaning, because this modifi cation of carbon largely resists any chemical 
transformation.   

  1.6 
 Application and Perspectives 

 The main part of the carbon employed is consumed for fueling and in the steel 
industry. The combustion of fossil raw materials alone absorbs the largest fraction 
of the hauled carbon, but besides that there is a multitude of applications of its 
different modifi cations. 
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  1.6.1 
 Graphite and Related Materials 

 The applications of graphite are as manifold as the existing variants of graphitic 
materials. Large amounts (natural or artifi cial) are used for electrodes in arc fur-
naces to run different electrolytic processes like production of certain metals or 
alloys (sodium, aluminum, steel, etc.), and chlorine or carborundum are likewise 
obtained by electrolysis on graphitic electrodes. Graphite further is needed for 
carbon brushes in electric engines. In addition, graphitic substances are employed 
in arc lamps, as materials for molds or to line ovens and apparatus. In chemical 
facilities, graphite rendered gas - tight by impregnation with plastics is utilized, and 
in nuclear reactors, rods of graphite are used as moderators due to their large 
neutron - capture crosssection. Provided the distinctly anisotropic thermal conduc-
tivity at highly parallel orientation of the crystal lattices, the respective material 
may be used in making heat shields for spacecrafts, brake blocks or the like. 
Graphite is also employed as a dry lubricant due to its low hardness. In particular 
for chemically aggressive environments, it usually is a better choice than, for 
example, hydrocarbon - based agents. The leads of modern pencils contain graphite 
as well, and fi nally, it is used as carrier for certain stationary phases in  reversed -
 phase high performance liquid chromatography  ( RP - HPLC ).  

  1.6.2 
 Diamond 

 While its brilliance and fervent iridescence make it one of the most coveted gems, 
diamond is also most profi tably applied to a number of far less decorative pur-
poses. This is due to its great hardness, chemical and mechanical resistance, large 
thermal conductivity, and good electrically insulating properties. A considerable 
part of the natural and artifi cial diamond produced is employed for grinding, 
cutting or drilling instruments. Their use pays off even at their high price because 
there are less down - times due to failure or change of tools. Furthermore so - called 
wire drawing stones are made by drilling a hole through diamond with the desired 
diameter. They are used to draw wires from hard metals. In apparatus construc-
tion, bearings for fast - rotating axles can be made from diamond. Finally, diamond 
windows are employed for special spectroscopic applications as they are transpar-
ent over a wide spectral range, in particular for the UV where many of the materi-
als commonly used for spectroscopic windows let pass only little or no light at all.  

  1.6.3 
 Other Carbon Materials 

 Apart from being a popular fi ller for elastomeric materials, soot is an excellent 
black pigment. Several properties make it downright ideal for printing purposes: 
it is light - fast and insoluble in almost any common solvent as well as it exhibits 
low particle size and great color depth and strength. Yet more than 90% of the 
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carbon black produced is used as a fi ller    –    about two - third of it for tires, and the 
rest for other things made from rubber. An average tire for cars contains about 
one - third of soot that serves not only to increase the wear -  and tear - resistance of 
the rubber (caoutchouk), but also to blacken it. Other plastics, lacquers and inks 
for writing or printing are likewise colored by the addition of carbon black. 

 Owing to their chemical, thermal, and mechanical resistance, carbon fi bers are 
an ideal material for highly durable composites. Compared to steel, they are four 
times lighter at similar strength, which in addition is preserved up to temperatures 
of more than 2000    ° C. Certain threads, ribbons, and fabrics are made from pure 
carbon fi bers, as well as there are carbon - reinforced plastics which are employed 
to manufacture, for example, components of aircrafts or cars, sporting devices, 
implants, or fi lters for dusts and aerosols. 

 Activated carbon is a versatile adsorbent, for example, to decolorize sugar or to 
free spirit from fusel oil. Gases may be purifi ed and toxic substances may be 
removed from breathing air (application in gas masks) same as fl ue gases are 
desulfurized using activated carbon. 

 Glassy carbon is chemically very inert even at elevated temperatures because 
there is virtually no porosity at all and its structure does not allow for intercalation. 
It is only attacked by oxygen and oxidizing melts at more than 600    ° C. Accordingly, 
it is employed in ultratrace analysis (no memory effects in crucibles of glassy 
carbon) and in the semiconductor industry.   

  1.7 
 Summary 

 Under standard conditions, there are several modifi cations of carbon which may 
be all traced back to the basic graphite and diamond.   

        •      Most stable form of carbon under standard conditions ( Δ  H  0    =   0   kJ   mol  − 1 ).  

   •      Two modifi cations: hexagonal   α   - graphite and rhombohedral   β   - graphite.  

   •      The carbon atoms are sp 2  - hybridized,  σ  - bonds with three adjacent atoms 
within one layer (bond angle 120    ° ). Additional delocalized  π  - bonds within 
these layers. Only weak van der Waals interaction between the graphene 
sheets.  

   •      Considerable anisotropy of properties like electrical conductivity, modulus 
of elasticity, etc due to the layered structure.  

   •      Despite chemical inertness several compounds are known, above all inter-
calation compounds with alkali metals or halogens.     

  Box 1.1    Graphite. 
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        •      Metastable modifi cation of carbon. Appears as cubic or as hexagonal 
diamond ( Lonsdaleite ).  

   •      Each C - atom is tetrahedrally connected to four adjacent atoms by  σ  - bonds. 
The C - atoms are sp 3  - hybridized.  

   •      Greatest hardness and highest thermal conductivity among all natural 
materials. Electrical insulator, yet semiconductance achievable by doping.  

   •      Chemically extremely inert, is only attacked by aggressive reagents like 
chromosulfuric acid.     

  Box 1.2    Diamond. 

 Besides crystalline graphite, there are a number of related materials that are less 
crystallized and usually exhibit a fi ner particular subdivision. Their properties 
differ (in parts considerably) from those of the parent system, which is mainly due 
to the smaller particle size and the disordered lattice.   

 Proceeding from the facts presented in this chapter, we will now discuss the 
 “ new ”  carbon materials, starting with the fullerenes. These have fi rst been discov-
ered in 1985, many years after their theoretical prediction.    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

  

 

 

  

  
  

 




