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Chapter 11
High-Pressure Hydrogenated Carbon
Nanostructures®

[AU1] A.V. Bazhenov!, 1.0. Bashkin!, and K.P. Meletov!

Abstract High-pressure hydrogenation of the single-walled carbon nanotubes, graphite
nanofibers and fullerenes C,j was developed. Produced samples have been studied
by their combustion, gas thermodesorption, mass-spectroscopy, X-ray, IR and
Raman scattering spectroscopes.

Synthesized carbon nanotubes, graphite nanofibers with the hydrogen content
corresponding to the chemical formula CH_, and fullerenes C, H with x from
x = 36 to the unbelievable x = 60 were produced and elucidated. Physisorption
takes place only for small percent of hydrogen in this case. Dominant amount of
hydrogen forms the strong covalent C—H bonds thermally stable up to 600°C. As a
result of hydrogenation high-frequency conductivity of free carriers in nanotubes
decreases by one order of magnitude and electron transitions between van Hove
singularities in the density of electron states of nanotubes disappear.

We have shown that C_H., is a set of isomers in our case. Combination of the
vibrational modes of C,H,, and, for example, C,H, can explain the emission and
absorption spectra of interstellar and circumstellar clouds: spectral positions of not
only narrow lines, but broad backgrounds as well.

Hydrogen interaction with the carbon nanostructural materials (nanotubes, nano-
fibers, fullerenes C. and C, has been intensively studied over the last years.
A developed surface of nanotubes and nanofibers induced a considerable applied
interest aimed at hydrogen storage and reduced consumption of organic fuel in
modern industry. For the academic studies, of interest is the nature of the hydro-
gen interaction with the carbon nanomaterials.

In view of practical application, the carbon nanotubes or nanofibers were
saturated with molecular hydrogen under relatively mild conditions: the hydrogen
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29 pressure did not exceed 10 + 12 MPa at room or liquid nitrogen temperatures.
30 The data of the application research were reviewed, e.g., by Dillon and Heben (2001).
31 The processes of hydrogen absorption and desorption in the compression/decompression
32 cycles were found to be reversible and reproducible at any temperature. It was gener-
33 ally assumed on the basis of the absorption/desorption data, that the mechanism of
3¢ the hydrogen absorption is physisorption of the H, molecules on the graphene layers
35 The data on the electrical properties and Raman spectra of the single-walled nano-
36 tubes measured in the hydrogen absorption/desorption cycles at pressures up to 0.8
37 MPa and temperatures from 4 to 500 K (Pradhan et al. 2002) supported the assumption
38 of hydrogen physisorption. There was, however, a remarkable discrepancy as
39 concerns the hydrogen capacity: the maximal amount of absorbed hydrogen reported
40 by different authors showed a scatter by two orders of magnitude, from several tenths
41 to several tens of wt% H. Numerous studies have shown that maximum amount of
42 adsorbed hydrogen is =6 wt% H.

43 An alternate approach was the study of hydrogen chemical reaction with fuller-
44 enes producing strong chemical bonds. There were some works on interstitial solu-
45 tion of molecular hydrogen in fullerenes (e.g., Assink et al. 1992), but the main
46 efforts were made to their chemical modification. There have been proposed several
47 hydrogenation reactions where fullerenes C , or C,  acted as traps of hydrogen
48 (discussed in many reviews, e.g., Taylor and Walton 1993; Hirsch 1994; Goldshleger [AU2]
49 etal. 1997). [AU3]
50 Fullerenes could be hydrogenated in organic solvents due to the metal-acid reac-
51 tion, or due to the hydrogen transfer from a hydrogen-rich compound like
52 9,10-dihydroanthracene, or in the presence of hydrogenation catalysts and so on.
53 Hydrogen binding in the reaction products was stronger compared to physisorption
54 because of formation of the strong covalent C—H bonds. There were prepared many
55 compounds C_H and C, H with even values of x. The most complete study of the

60" " x 707X
s6  properties was carried out on C H, and C H .. Maximal content of hydrogen was

57 x = 36. We know only one publication whe?e Ilflore hydrogen-rich compounds with
58 X = 38-50 have also been observed in the mass spectra of the products of catalytic
5o hydrogenation (Shigematsu et al. 1993).

60 Direct fullerene hydrogenation was accomplished at hydrogen pressures elevated
61 to 50-85 MPa and T = 573-623 K (Jin et al. 1994). Later this method was widely
62 used to prepare hydrofullerenes of the some compositions as after the chemical
63  reactions. The chemical potential of hydrogen increases under pressure, and there
64 are many examples of the increase in hydrogen solubility or the formation of
65  hydride phases in the metal-hydrogen systems at high pressures. The technique
66 used in our work provides hydrogen pressures up to 9 GPa at temperatures from
67 77 to 900 K. With these treatment parameters, it was possible to prepare new
68 hydrogen-rich compounds on the basis of the carbon nanomaterials with covalently
69  bound hydrogen.

70 High hydrogen pressures were generated using the toroid-type quasi-hydrostatic
71 devices. A general view of the high-pressure cell is shown in Fig. 11.1. A sample
72 of about 100 mg mass and a pellet of AIH, (or AID,) were placed into a copper
73 ampoule and separated with a thin Pd foil. The ampoule was tightly plugged with
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Fig. 11.1 Layout of the high-pressure cell

a copper lid using gallium as solder. Both Cu and Ga are less permeable to hydrogen 74
and retain it in the ampoule. Thermally unstable AIH, rapidly decomposed under 75
high pressure on heating above 250°C, permeated through the Pd foil and reacted 76
with the sample. The ampoule was mounted in the channel of a pipestone container 77
together with the Ni—Cr wire heater, a thermocouple entered through a special 78
probe hole. The container also served as a pressure-transmitting medium. 79

The procedure of the thermobaric treatment consisted of several steps. Initial com- 8o
pression to 1.5 GPa and heating to 270°C resulted in the hydrogen atmosphere in the 81
ampoule. Then pressure was increased to the final value, and the sample was main- 82
tained at 350°C overnight (about 20 h), then at 450-490°C for 6-10 h. After cooling &3
to room or liquid-nitrogen temperature and decompression, the recovered samples &4
were stored without access of the ambient atmosphere until measurements. 85

11.1 Experimental Methods for Testing of Samples 86

The chemical analysis of the products was carried out using combustion of a 3 mg 7
sample in the oxygen flow at 1,100°C and weighting of the combustion products, ss

CO, and H,0 (or D,0). 89
The X-ray diffraction patterns were measured at room temperature on a Siemens 9
D500 diffractometer with the monochrome CuK , irradiation. 91

The thermal stability of the hydrogenated materials was estimated by measure- 92
ments of gas thermodesorption. A piece the sample cooled to liquid nitrogen under 93
pressure was placed, in a liquid nitrogen bath, into a non-hermetic copper container, 94
and the latter was moved into a quartz ampoule externally cooled with liquid nitro- 95
gen. The ampoule was connected to a vacuum system with the calibrated volume, 9
the system was evacuated to 107 MPa, and then the ampoule was heated at a rate o7
of 20 K/min. The pressure P of a gas evolved upon heating to 650°C was registered 98
manually; the sample was weighed after measurements. We call these dependences 99
as a “manometric curves”. 100
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101 The mass spectra of the gases evolved from the deuterated SWNT sample heated
102 in vacuum were measured with the MI 1201V mass spectrometer. Gas ionization in
103 the ion source of the spectrometer was produced with a 70-eV electron beam. To
104  obtain the gas phase, the sample was placed in a quartz ampoule of a pyrolyzer that
105 was connected to the injection system of the mass spectrometer through a fine control
106 valve. Then the ampoule was evacuated to a pressure of about 2-x 10~° Pa in order to
107 remove the surface and weakly bound impurities from the sample. After the evacua-
108 tion, the ampoule was isolated from the vacuum system and the sample was heated
109 to 550°C in five steps. At each step, the sample was kept at a fixed temperature for 3
110 h; then the fine control valve was open and the mass-spectrometric analysis of the gas
111 collected in the ampoule was performed. After the analysis, the quartz ampoule was
112 again evacuated, the valve was closed, and the sample was heated to the next tempera-
113 ture. The measurements were carried out over the range 1 < m/z < 90, where m is the
114 atomic mass and z is the ion charge. The spectrometer resolution of about 0.08%
115 ensured a reliable determination of the gas-phase components.

116 IR spectra were measured by Bruker IFS-113v IR Fourier spectrometer: transi-
117 tion spectra and diffuse reflection at T = 295 K. IR microscope of the Fourier
118 spectrometer was used for the measurements of the transmission spectra in the
119 spectral range 600-9,000 cm™' Transmission spectra of the thin films were also
120 measured in the spectral range from 4,000 to 18,000 cm! using a standard double-
121 beam spectrometer.

122 Raman spectroscopy: Raman spectra from small SWNT pieces with typical
123 dimensions of 100 pm were recorded in the back-scattering geometry using two
124  different micro-Raman setups comprised of a triple monochromator DILOR XY
125 and a CCD detector system, cooled either to liquid nitrogen temperature or —100°C.
126 The 488 or 514.5 nm line of an Ar* laser, as well as the 647.1 nm line of a Kr* laser,
127 were used for excitation, while the beam intensity on the sample was =0.5 mW. The
128 laser line was focused on the sample by means of a 100x objective with a spatial
129 resolution of ~1 pm.

130 11.2  High-Pressure Hydrogenated Single-Walled Carbon
131 Nanotubes and Nanofibers

132 Our first results about the high-pressure hydrogenation of single-walled carbon
133 nanotubes (SWNTs) and graphite nanofibers (GNFs) were published in (Bashkin
134 et al. 2004). Starting GNFs were synthesized in a direct-flow quartz reactor in a
135 CO/H, = 4/1 gas mixture at 600°C for 6 h using a mixed Fe/Cu = 7/3 catalyst.
136 Scanning electron microscopy showed that the GNF length was, on the average, of
137 30 um and the diameter ranged from 100 to 300 nm. The content of graphite nano-
138 fiber in the prepared material was about 90%.

139 Carbon black containing 15-20% SWNTs was synthesized by the electric arc
140 method in helium atmosphere at a pressure of 0.86 atm using a metallic Co/Ni = 3/1
141 catalyst (Loutfy et al. 1999). To remove impurities from SWNTs, carbon black
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was subjected to ultrasonic treatment in a concentrated hydrochloric acid, and then 142
to the multistage treatment with hydrochloric acid alternating with oxidation in air 143
at temperatures up to 540°C. The content of SWNTs in the product was estimated 144
using scanning and transmission electron microscopy and was found to be equal 145
to 50-60%. 146

In the experiments, a GNF or SWNT sample with a mass of about 60 mg was 147
placed in a high-pressure chamber and saturated with hydrogen obtained by thermal 148
decomposition of AIH,. The sample was held under a hydrogen pressure of 9 GPa 149
first for 18 h at t = 350°C and then for another 6 h at 450°C. At the end of holding, 150
the chamber was cooled to —140°C and unloaded to atmospheric pressure at this 151
temperature. Then, the hydrogen-saturated material was taken out from the cham- 152
ber and further held in liquid nitrogen. 153

Hydrogenated GNF and SWNT powders with a mass of several milligrams were 154
chosen to determine their thermal stability, hydrogen content and to study them by 155
X-ray diffraction, IR spectroscopy and so on. 156

The typical manometric curves for hydrogenated GNFs and SWNTs are shown in 157
Fig. 11.2. The right axis of the graph indicates the amount of liberated hydrogen x as 158
calculated under the assumption that the gas consisted only of H, molecules. The x(t) 159
dependences for hydrogenated GNFs and SWNTs are closely similar to each other. 160
In the interval from T = 77 K to t = 0°C, the amount of liberated gas increases with 161
temperature rather slowly, a small jump is observed near t = 0°C, and the gas release 162
is terminated near room temperature. The total amount of hydrogen released upon 163
heating to room temperature is 0.15-0.5 wt%. Gas is virtually not evolved from the 164
samples upon heating from room temperature to 450°C, but the second stage of 165
intense release begins near 600°C, and about 5 wt% H is collected at 600—-650°C, i.e., 166
an order of magnitude greater than upon heating to room temperature. The rate of gas 167
release is low, so that the process is not terminated up to 600—-650°C, and, as is shown 168
in Fig. 11.2 by the example of GNF-H , an additional amount of gas is liberated upon 169
repeated sample heating to 600°C at the same rate. 170

To determine the total hydrogen content and estimate the composition of liber- 171
ated gas, the hydrogenated GNF and SWNT samples heated to room temperature 172
were burned out in an oxygen flow at 1,400°C and the combustion products HO 173
and CO, were weighed. These measurements gave x = 6.3 wt% H for GNF and 174
x = 6.8 wt% H for SWNTs (this corresponds to the chemical formulas CH ., and 175
CH, . respectively), with a spread in data less than 0.05 wt%. The data obtained 176
agree satisfactorily with the estimate x = 5 wt%H derived from the gas release 177
between room temperature and 650°C, taking into account that the gas release was 178
incomplete during the first run. Such an agreement is the evidence that hydrogen 179
was liberated predominantly in the form of H, molecules rather than of hydrocar- 180
bons (e.g., if methane CH , were released, the amount of its molecules and, 181
correspondingly, pressure would be twice as low in the gas-release experiments). 182
A comparison of the burning results with the gas-release data allows the conclusion 183
to be drawn that, after measurements with heating to 600-650°C presented in 184
Fig. 11.2, about 1.2 and 1.7 wt% H remained in the GNF and SWNT samples, 185
respectively. 186
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Fig. 11.2 Temperature dependence of the gas pressure in a preliminarily evacuated volume (/eft
vertical scale) and its recalculation into the amount of hydrogen evolved from the sample (right
scale) upon heating at a rate of 20 K/min for single-walled carbon nanotubes (SWNTSs) and graph-
ite nanofibers (GNFs, two heating cycles) saturated with hydrogen at a pressure of 9 GPa and
temperatures up to 450°C

Mass-spectrometer date of the hydrogenated carbon nanotubes we have pub-
lished in (Shulga et al. 2004). These nanotubes for the gas mass-spectrometry were
synthesized by the electric-arc method using a nickel-yttrium catalyst. To remove
amorphous carbon and the metal catalyst, the primary products containing 10—15
wt% of carbon SWNTs were purified by repeated oxidation in air at temperatures
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up to 550°C alternated with washing in hydrochloric acid. The microprobe analysis 192
showed that final content of the metal impurities in SWNT was less than 1 wt%, with 193
the ratio of the detected metals Ni:Y:Cu:Zn = 1:1.5:0.6:0.7. The incombustible residue 194
was consistent with the total oxide amount within £30%. The purified products were 195
[AU4] studied using the high-resolution electron microscopy (Krestinin et al. 2003a, b). 19
The sensitivity of the absorption spectra in the near-IR region to the purity of products 197
[AUS] (Krestinin. et al. 2003; Chiang et al. 2001) was used for quantitative determination 198
[AU6] of the SWNT content in this batch, it amounted to 80—-85 wt%. The nanotubes had 199
a narrow diameter distribution with an average value of 1.5 nm and were strongly 200
aggregated in bundles, microcrystalline films, and polycrystalline covers. The main 201
carbon impurities, according to the electron-microscopic data, were graphitized 202
black particles and graphite blocks up to 10—15 pum in size. 203
To reduce or to take into account the effect of the ambient atmosphere and 204
other experimental factors, we used the heavier hydrogen isotope, deuterium, in 205
this study. SWNTs deuterated under the final pressure of 5 GPa during a two- 206
step exposure at T = 350°C for 21 h and at T = 460-490°C for 9 h. According 207
to the data of two combustion tests, deuterated SWNT contained 10.8 = 0.1 208
wt% D. 209
The mass spectra of gases evolved from deuterated SWNT at various heating 210
steps are shown in Fig. 11.3. The main constituent of the gas phase at 211
temperatures to 400°C was a mixture of the hydrocarbon molecules and radicals. 212
The mixture consisted of both deuterated hydrocarbons, as evidenced by the 213
high intensities of the peaks with m/z = 17-20 and 31-36, and compounds 214
including the light isotope, as follows from the occurrence of the peaks with the 215
odd mass numbers. The latter fact is indicative of the impurity of the light 216
hydrogen isotope, protium. The occurrence of a minor impurity of protium both 217
in parent SWNT and in AID, was found in other experiments. The origin of 218
protium in AlD, is quite clear: our AlD, contains approximately 8% admixture 219
of the AIH,. Parent SWNT had a minor impurity of solvents and media used for 220
their preparation, diethyl ether and acetone, whose fragmentation products were 221
ascertained by the analysis of the fine structure of the peaks at m/z = 28, 31, 44, 222
45,59, and 74 (Shulga et al. 2004). 223
The most prominent feature of the spectra in Fig. 11.3 is a dramatic difference 224
between the compositions of the gas phase below and above 400°C. The concen- 225
tration of the D, molecules in the gas phase increased as the temperature was 226
increased from 100°C to 400°C. In the spectra measured after heating to 500°C 227
and 550°C, the peaks with m/z = 4 and 3 became dominant. Consequently, D, and 228
HD molecules were the main components of the gas phase at these temperatures. 229
This remarkable fact shows that the main step in the manometric curves in 230
Fig. 11.3 is actually due to evolution of molecular hydrogen whereas light 231
hydrocarbon molecules contribute mainly at lower temperatures when the gas 232
desorption is small. 233
Figure 11.4 shows the X-ray diffraction patterns of GNFs and SWNTSs in the 234
initial and hydrogenated states and after various annealing procedures. Partial 235
annealing with the removal of =40% of hydrogen absorbed under pressure 236
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Fig. 11.3 Mass spectra of the gas phase over a sample of deuterated SWNT measured in heating
steps at indicated temperatures. The spectra are restricted to the m/z = 60 value, because peaks of
the heavier ions have negligible intensities. The most intense peaks are identified according to
their principal components
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Fig. 11.4 X-ray diffraction patterns of single-walled carbon nanotubes and graphite nanofibers:
in the initial state, after saturation with hydrogen at 9 GPa (6.8 and 6.3 wt% H, respectively), after
removal of about 40% of absorbed hydrogen (4.3 and 3.6 wt% H), after degassing annealing at
600-650°C (1.7 and 1.2 wt% H), and after prolonged annealing at 700°C (GNFs). For compari-
son, the diffraction pattern of a GDG-6 graphite powder is also shown. Bar diagrams of Fe and Cu
indicate the catalyst admixture in GNFs, T =295 K
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(the residual contents were 3.6 wt% H in GNFs and 4.3 wt% H in SWNTs) was 237
carried out by holding the sample in an evacuated volume at a temperature of about 238
500°C. Annealing of GNFs at 700°C was performed in a dynamic vacuum of 239
P < 10° mmHg for 6 h. The X-ray diffraction pattern of the ground high-density 240
graphite GDG-6 is presented in Fig. 11.3 for comparison. 241

The diffraction patterns of initial GNFs include a strong reflection near the 242
graphite (002) line at 20 = 26.5°, a number of weak reflections near the other 243
graphite lines, and the lines of catalyst components. After the saturation of the 244
GNFs with hydrogen, a broad intense peak appears near 19° instead of a very strong 245
graphite reflection at 20 = 26.5°, the other graphite reflections undergo a marked 246
shift to the small angles, and only the catalyst lines do not change their positions. 247
After two heating cycles to 600°C shown in Fig. 11.2, the peak at 19° disappears 248
and the diffraction pattern mainly regains its initial shape. Nevertheless, the most 249
intense reflection remains markedly shifted to small angles, in agreement with the 250
fact that hydrogen is removed incompletely. A prolonged vacuum annealing at 251
700°C results in a complete recovery of the initial diffraction pattern. A comparison 252
of the diffraction pattern of the sample having 3.6 wt% H after partial annealing 253
with the diffraction patterns of the extreme states shows that it represents the 254
diffraction pattern of a two-phase state, in which the strongest reflections are 255
shifted toward each other (20 = 19.9° and 24.0°) and are strongly broadened. A 256
change in the X-ray diffraction patterns indicates that the crystal lattice of graphite 257
nanofibers swells upon hydrogenation and that the structure is recovered after the 258
removal of hydrogen. 259

In the diffraction pattern of the initial SWNTs, no reflections are seen 260
from the single-walled nanotubes (a weak reflection at small angles 20 ~ 6° can 261
be, in principle, observed because of the triangular SWNTs packing in bundles 262
(see e.g. Sharma et al. 2001). A sharp weak reflection at the position of the graphite 263
(002) line should be caused by the presence of an admixture of graphitized 264
particles in the material. The catalyst reflections are not seen. After the hydroge- 265
nation of the SWNTs, a broad peak appears near 18.5°. A change in the diffraction 266
pattern of the multilayer GNF structure upon hydrogenation, 6.3 wt% H, can be 267
considered as being caused mainly by an increase in the spacing between the 268
graphene layers by approximately 40% from 3.36 to 4.67 A. The narrow graphite 269
(002) and (004) reflections are markedly strengthened. We think that it is just the 270
result of the crystallization of the amorphous graphite micro inclusions. The 271
removal of 2.5 wt% H results in weakening of the broad peak 18.5° and its shifting 272
by ~0.8° to larger angles, and this peak disappears after heating to 650°C. The 273
sharp graphite (002) and (004) reflections are retained and their intensity relative 274
to the background change only slightly. It was reported in the literature that 275
SWNT is not destroyed at hydrostatic pressures below 13 GPa (Sharma et al. 276
2001). For this reason, a change in the diffraction pattern of SWNTs after the 277
thermal treatment in hydrogen should be assigned to the graphitization of the 278
amorphous carbon particles that are the impurity addictions in the initial material 279
and to the hydrogenation and dehydrogenation of a certain fraction of graphitized 280
particles. 281
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282 Weakly bonded hydrogen, which is released in an amount of less than 0.5 wt%
283 upon heating to room temperature, can reasonably be assigned to physisorption,
284 which is considered to be the dominant mechanism of hydrogen absorption by
285 carbon materials at pressures below 12 MPa and not too high temperatures.

286 To elucidate the nature of the bonded states of the main hydrogen mass that is
287 retained up to high temperatures, the IR diffuse reflection spectra were measured
288 for GNF and SWNT powders in the initial state, after the treatment under hydrogen
289 pressure, and after the degassing annealing. Measurements were performed in the
290 range 400-5,000 cm™ at room temperature. The results are presented in Fig. 11.5.
291 It is not the conventional reflection but the diffuse reflection of powder. Light in
202 this sample is scattered over 2m solid angle. The spectra of initial GNFs and
203 SWNTs (curves 1 of Fig. 11.5) are characterized by a monotonic decrease in intensity
204 with the increase of the photon energy; such a spectral behavior is typical of the
205  spectra of purified nanotubes (Bazhenov et al. 1998). As in the case of nanotubes
206 exhibiting properties of a strongly imperfect metal or semimetal, the light absorption
207 by free carriers caused by their high-frequency conductivity is the main reason for
208 a decrease in the GNFs and SWNTs diffused reflection with increasing photon
299 energy.

T T T T T T T T T
GNFs
| - initial
2-4+63wt.%H
3-43.6wt.%H
4-+12wt%H

[N}
T
1

Diffuse reflection (xlO—z)
=

F3-+43wh
4-+1.7wt% H T

L 1 L 1 " | " 1 L
0 1000 2000 3000 4000 5000
Wavenumbers, em”

Fig. 11.5 IR diffuse reflection spectra of graphite nanofibers and single-walled carbon nano-
tubes: in the initial state, after saturation with hydrogen at 9 GPa, after removal of about 40% of
absorbed hydrogen, and after degassing annealing. T = 300 K
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After hydrogenation, the GNF diffused reflection increases substantially over 300
the entire range of measurements (curves 2 of Fig. 11.5) and a narrow absorption 301
band at 2,860 cm™! with a halfwidth of 38 cm™ and a weaker band at 2,920 cm™ 302
appear in the spectrum. These energies are typical of the stretching C—H vibrations, 303
which are strong chemical bonds. In the spectra of hydrogenated SWNTs, the 304
diffused reflection also increases; an asymmetric band with a maximum at 2,860 305
cm™ and a halfwidth of 95 cm™ appears in the spectrum due to the stretching C-H 306
vibrations, as well. The asymmetry of the SWNT-H_line can be explained by the 307
overlap between the bands at 2,860 and 2,920 cm™. 308

After annealed for 6 h in vacuum at 700°C and removal of the main hydrogen 309
mass, the C—H absorption lines disappear and the spectra become somewhat closer 310
to the spectra of initial samples (curves 4 on Fig. 11.5). Nevertheless, the back- 311
ground diffuse reflection is regained in part and occupies the intermediate position 312
between the spectra of the initial and hydrogenated samples. 313

Diffused reflection from powder sample is a complex combination of transmission, 314
internal and external reflections, and scattering. It is dependent on the particle size, 315
absorption and refractive indices of the studied material. The case of proper 316
prepared powder diffuse reflection R carries the information primarily about the 317

[AUT] transmission spectrum of the sample (Willey 1976; Fuller and Griffiths 1978). The 318
traditional method of the absorption spectra (K) calculation on the base of the 319
diffused reflection R is the Kubelka—-Munk equation K = (1 — R)2S/2Rc, where S 320
is the scattering coefficient, concentration of the studied material is ¢ = 1 in our 321
case. 322

Is it a real absorption? It is well known that analysis on the base of the Kubelka— 323
Munk equation is applicable at diffuse reflection R not much less than R = 30%. 324
The case of low diffuse reflection the deviations from linearity should be taken into 325
account. We have R is near 1%. So, we should be careful! The case of strongly 326
absorbing samples it is possible to dilute them in nonabsorbent powder, for example 327
in KBr powder. We have not used this traditional method because were afraid of 328
possible chemical reactions at nigh temperature treatment of the mixture of the 329
hydrogenated SWNTs with KBr. 330

We have elucidated the problem of the low diffuse reflection in (Bazhenov 331
et al. 2004). Our hydrogenated carbon nanostructures are bulk polycrystalline 332
materials. They are not responsible for IR measurements. We cleaved polycrys- 333
talline samples into thin plates and compare their optical properties with grinded 334
samples. Absorption lines associated with vibration modes of the C—H bonds 335
were well detected in the transmittance spectrum of C, H., plates with the help 336
of IR microscope of the Fourier spectrometer. This method was not applicable, 337
however, for the study of SWNTs and NFs due to the strong free carrier 338
absorption and variation of the plate thickness. The grinding of C ,H, does not 339
result in a loss of the strongly bonded hydrogen (2,900 cm™"). We are shure that 340
grinding is applicable for strongly bonded hydrogen both for NFs and SWNTs 341
as well. 342

To understand, are the spectra of Fig. 11.6 real absorption or not, we have studied 343
the transmission spectra of the SWNT powder pressed in KBr pellets (Bazhenov 344
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Fig. 11.6 Absorption spectra K restored from diffusive reflection R by using the Kubelka—Munk
equation. Spectra 1, 2, and 3 are initial nanostructures, hydrogenated and annealed at 700°C dur-
ing 6 h, respectively. (a) Spectra of NFs, (b) SWNTSs. Dashed curves are Drude approximation of
the absorption spectra, K = A *v®?

345 etal. 2004). For both cases we have used analysis on the base of Druder approximation
346 of the free carrier conductivity in the spectral range v < 1,500 cm™. Using Drude
347 formulas for high-frequency conductivity of the free carries we have got an absorption
aag  coefficient K of the free carries K> = 16n°cv/c at low wave numbers v, v <y, where
349 vy is the damping factor of free carriers, o — high-frequency conductivity, ¢ — velocity
350  of light. These dependencies are shown in Fig. 11.6 by dashed curves. They have
351 shown the ten times decrease of the free carrier absorption and, respectively,
352 high-frequency conductivity of the free carries as a result of hydrogenation of
353 SWNTSs in both cases. So, we have qualitative concurrence of the results of these
354 two methods.

355 At v>2,000 cm™ spectral dependence of monotonies increase of the absorption
ss6 calculated from our diffuse reflection spectra is strongly different of the absorption
357 spectra of SWNT powder pressed in KBr pellets. This is a result of strong absorp-
358 tion of light by SWNT nanoclusters. To study spectra in this spectral range we have
359 used more complicate method: we have prepared SWNT thin films (Bazhenov et al.
360 2006). It was not an easy procedure, because it is well known that common organic
361 solvents are not applicable in the case of carbon nanotubes. By date, there are no
362 methods of synthesis of individual nanotubes of certain type. Nanotubes are gener-
363 ally combined into either ropes with hexagonal packing (bundles). This circum-
364 stance impedes their practical use. Grinding or treating samples with ultrasound in
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an organic solvent (acetone, toluene) or an aqueous solution of a surfactant, can 365
give a liquid suspension of nanotubes. However, such a suspension is unstable in 366
time due to the van der Waals interaction between nanotubes. It leads to aggregation 367
of nanotubes and precipitation of aggregates. 368

To prepare thin films of hydrogenated SWNTs we have dispersed them in 369
acetone by a 10-min ultrasonic treatment. The prepared suspension was then 370
dropped on a CaF, or KBr substrates and dried (Bazhenov et al. 2006). Suspension 371
and drying at room temperature resulted in inhomogeneous distribution of nano- 372
tubes, because SWNTs got significantly aggregated while drying. The rate of 373
aggregation increased by an order of magnitude for the hydrogenated SWNTs. To 374
get homogeneous films, the suspension was pulverized on the substrates heated to 375
~100°C. The preheating efficiently suppressed aggregation of both initial and 376
hydrogenated SWNTSs. Films of the initial SWNTs thus prepared were free of 377
acetone, whereas some amount of this solvent (presumably, physisorbed) still 378
remained in the films of the hydrogenated SWNTs To remove acetone, films of the 379
hydrogenated SWNTs were heated to 150°C in vacuum. 380

The optical density spectra of thin films (Fig. 11.7) of the initial and hydrogenated 381
SWNTs (5.4 wt% H) show a monotonic increase in the absorption with increasing 382
photon energy in the spectral range 400—4,000 cm'. Taking into account that our 383
samples are a mixture of metallic and semi conducting SWNTs (Mintwire et al. 384
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Fig. 11.7 Optical density spectra of thin films of the initial hydrogenated and outgassed SWNTs
(spectra 1, 2 and 3, respectively). The dashed curves in the low-energy part of the spectra represent
the Drude approximation of the absorption spectra. The inset in Fig. 11.7 shows the absorption
lines of the C—H bonds in a thin film of the hydrogenated SWNTs
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385 1992; Hamada et al. 1992; Saito et al. 1992), this increase of absorption is caused
386 by high-frequency conductivity of the free carriers in metallic nanotubes. Relative
3g7  intensities of the spectra of Fig. 11.7 we have found as a result of the diffuse reflection
3ss measurements of powders at low wavenumbers. The discussed above Drude
389 approximations of the low-energy part of the absorption spectra are shown by
390 dashed curves in gives Fig. 11.7. Comparison of the spectra 1 and 2 shows that
391 hydrogenation decreases high-frequency conductivity of the SWNTSs by one order
392 of magnitude.

393 Optical density spectra of thin films of the initial SWNTs also demonstrate
304 distinct absorption peaks at 0.62, 1.13 and 1.65 eV (spectrum 1 of Fig. 11.7). These
395 absorption lines result from the van Hove singularities in the density of electron
396 states due to the one-dimensional nature of nanotubes (Lin and Shung 1994). [AUS]
397 The first two lines are the transitions in the semiconducting SWNTs, the third
398 line is the transition in the metallic SWNTSs (Chiang et al. 2001). The spectral position
399 of B, =0.62 eV of the first peak permits evaluating of the average diameter d of
400 the semiconducting SWNTs as d = 2a6/E;, = 1.2 nm in good agreement with the
401 value 1.5 nm derived from the electron-microscopy data.

402 Peaks E, , E,, and E,, disappear after hydrogenation (Fig. 11.7, spectrum 2) and
403 a new narrow line arises at 2,845 cm™ (0.353 eV), inset of Fig. 11.7. This line
404 indicates the formation of the strong covalent C—H bonds in the samples as in the
405 diffuse reflection spectra (Figs. 11.5 and 11.6). Study of the thin films has shown a
406 liner dependence of the C—H peak intensity as a function of the hydrogen content.
407 Such proportionality have shown that the most amounts of H atoms were covalently
408 bonded to carbon atoms. The intensity of the line 2,845 cm™ calculated from the
409 diffuse reflection steeply decreases on outgassing and significantly deviates from
410 the linear dependence. This discrepancy can be explained assuming that powder
411 particles in the partly outgassed SWNTs were inhomogeneous: their outer layers
412 were depleted in hydrogen. In fact, diffuse reflection can only feel a very thin
413 surface layer of the particles due to the large value of the free carrier absorption
414 coefficient K = 10* em=! for SWNTs, while the measured hydrogen content is
415 related to the mean hydrogen content in the material.

416 The term “covalent” we should use carefully. It is perfect for the Si- or Ge-single
417 crystals. In our case of carbon nanotubes with H we should take into account the
418 transfer of electron between hydrogen and carbon cage, inevitably. So, some iconicity
419 we should take into account. The transfer of electron between hydrogen and carbon
420 cage may explain the disappearance of the E,,, E,, and E,, peaks as a result of
421 hydrogenation of the SWNTs. Transfer of electrons between carbon cage and
422 hydrogen will change the filling of the van Hove singularities (Fig. 11.8). It can
423 explain the observed disappearance of the electronic transitions in the spectra of
424 hydrogenated SWNTs.

425 The decrease of the free-carrier absorption upon hydrogenation can be
426 associated with localization of free carries near C—H bonds in SWNTSs, or
427 increase in the rate of their scattering by these defects. The complete removal of
428 hydrogen by vacuum annealing at 700°C only partly restored the intensity of the
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Fig. 11.8 Sketch of the
energy structura and
IR-active optical transitions
E, in semiconducting (a) and
metallic (b) SWNTs. Painted
on the base of the theoretical
[AU9] calculations (Lin and Shung
1994; Chiang et al. 2001)

Dansity of states

electronic transitions and free carrier absorption characteristic of the initial SWNTs. 429
We think, some defects appear in the structure of SWNTSs as a result of their hydro- 430
genation at high pressure and removal of hydrogen. We have made a control experi- 431
ment: SWNTSs were exposed to the same power-temperature conditions but without 432
hydrogen. This experiment has shown that electronic transitions vanish in the IR 433
transmission spectrum and free carrier absorption strongly decreases as well. No 434
doubt, mechanical interaction between SWNTs is different of the case of hydroge- 435
nation. It follows from the restoration (not complete) of the electron transitions and 436
free-carrier absorption in SWNTs after degassing. Nevertheless, this control experi- 437
ment permits to suppose the formation of some defects in the structure of SWNTs 438
as a result of high-pressure hydrogenation. 439

Micro-Raman spectroscopy of the SWNTs hydrogenated at P = 5.0 GPa and 440
T = 500°C have shown a giant structureless hot luminescence background that 441
screens all vibration modes (Meletov et al. 2007). Among them, the most interesting 442
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443 for our study ware those with frequencies close to the Raman frequencies of the
444 C-H stretching vibrations of the covalently bonded hydrogen (2,800-3,000 cm™)
445 and of the H-H stretching vibration of the molecules H, (4,130-4,160 cm™). But,
446 we could not detect them at excitation of the Raman spectra with the help of Ar*,
447 or Kr* lasers. The intensity of the luminescence background is about a 100 times
448 stronger than that for pristine SWNTs. High intensity and frequency dependence of
449 this luminescence are typical for hot luminescence: intensity of the spectrum and
450 frequency dependence have no changed when we have used 488 and 514.5 nm line
451 of an Ar* laser, as well as the 647.1 nm line of a Kr* laser for excitation. Hot lumi-
452 nescence was attributed to the random binding of the hydrogen atoms on the surface
453 of SWNTs. Hot luminescence vanishes after annealing of the hydrogenated SWNTSs
454 in vacuum or in air.

455 Besides, we have measured Raman spectra of the SWNTs treated under the same
456 high pressure and temperature (HPHT) conditions as those used for the hydrogenation
457 of SWNTs (P = 5.0 GPa, T = 500°C) but without hydrogen atmosphere (spectrum
458 (b) of Fig. 11.9) and spectrum of the hydrogenated SWNTs after their complete
459 degassing at 500°C in vacuum (spectrum (c) of Fig. 11.9). The spectra (b) and (c)
460 were compared with the spectrum (a) of the pristine SWNTs. Note that, the
461 luminescence background in spectrum (b) of the HPHT treated SWNTs is not as
462 high as in the spectra of hydrogenated SWNTs. The main difference between the
463 spectra (a), and (b), (c) is in the broadening of all the Raman peaks in comparison
464  with the spectrum of pristine SWNTSs (spectrum (a)), the increase of the D-band
465 intensity, and the appearance of the second-order D+G* peak at 2,945 cm~!. Raman
466 spectra of pristine SWNTSs had shown narrow peaks and a very small intensity of the

Raman Intensity (arb. units)

" " " L 1 " L " L 1 L L L " 1 L " N N 1 "
0 1000 2000 3000 4000
Raman shift (cm™)

Fig. 11.9 Raman spectra of (a) pristine SWNTs (a), (b) SWNTs treated at high pressure and high

temperature in the absence of a hydrogen atmosphere, and (¢) hydrogenated SWNTSs after anneal-
ing in vacuum at =550°C for 1 h
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D-band at 1,350 cm™ typical for SWNTs of the high structural order. It is known that 467
the D-band in graphite-related materials is associated with structural disorder while 468
[AU10]  a double-resonance process was employed for their interpretation (Thomsen and 469
Reich 2000). The intense Raman G-band at a higher energy corresponds to the C—-C 470
stretching vibrations in tangential and axial directions of the SWNT that splits to 471
G~ (tangential) and G* (axial) bands located at 1,567 and 1,592 cm™, respectively. 472
The shape of the G™-band is sensitive to the electronic properties, strongly related to 473
the diameter and chirality of SWNTSs: the Lorentzian lineshape is characteristic of 474
the semiconducting SWNTs, whereas the Breit-Wigner Fano lineshape is typical for 475
metallic SWNTs (Venkateswaran 2004). In our case, the Lorentzian lineshape of the 476
G-band indicates that the probed SWNTs are semiconducting. The low-frequency 477
Raman band is related to the radial breathing modes (RBM) of the tubes. Its spectral 478
position is using for calculation of the diameter of carbon nanotubes. 479
Taking into account the results of the IR and Raman scattering measurements, 480
we may conclude that not complete restoration of the IR spectra after outgassing of 481
the hydrogenated SWNTs is a result of appearance of structural disorder in SWNTs 482
due to high pressure/high temperature hydrogenation. 483

11.3 High-Pressure Hydrogenated C 484

As we told above, there were prepared compounds C,H and C, H with even val- 485
ues of x by chemical reaction of hydrogen with C . The most complete study of 486
their properties was carried out on C, H, and C_ H,  and discussed in many reviews 487
[AUL1]  (e.g. Taylor and Walton 1993; Hirsch 1994; Goldshleger 1997). 488
Maximal content of hydrogen was x = 36. 489
Hear we want to discuss properties of the C, H,, prepared by high-pressure 490
technic. The C_H,, molecule may exist in a great number of isomeric forms, but 491
only a small number of them are stable (Biihl et al. 1995). The isomeric form with 492
the highest symmetry, T,, has 12 double bonds, arranged as far apart as possible on 493
the surface of the C, cage, while the form having the double bonds in four isolated 494
aromatic six-membered rings lacking hydrogen atoms and located at the corners of 495
a tetrahedron has a T symmetry structure. Between these two extremes are the iso- 49
mers with symmetry D, and S, which have two six membered rings at the three- 497
fold axis poles of the molecule, with the other six double bonds isolated in six 498
pentagons. The presence of various isomers in the C, H,, specimens depends most 499
likely on the preparation method and on the kinetic parameters controlling hydro-  so0
gen addition. For example, C, H,  prepared by hydrogen transfer from a hydrogen-  so1
rich compound like 9,10-dihydroanthracene contains a mixture of the principal 502
isomers D, and S, while C_H,, prepared by zinc reduction of C  in aromatic  s03
solvents, contains the S6 isomer as the most abundant (Bini et al. 1998; Bensasson 504
et al. 1997; Darwish et al.1995). 505
Concerning the solid-state phase of C_H, , Hall et al (1993) have suggested the  s06

body-centered cubic structure (bce) with cell parameter 11.785 + 0.015 A for the  so7
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s08 packing of the molecules in the crystalline state. Furthermore, they suppose, at least
so9  for the D, isomer, that at low temperatures the bee crystal structure would be trans-
510 formed to a body-centered tetragonal one.

511 The connection of the 36 hydrogen atoms to the C, , cage lowers the molecular symmetry
512 and activates Raman scattering from a variety of initially forbidden phonon modes (Bini
513 et al. 1998). In addition, the appearance of the C—H stretching and bending modes and
514 those related to various isomers of C_H,, results in a very rich Raman spectrum. The
515 comparison of the phonon frequencies for five principal isomers of C_ H,, obtained by

516 molecular dynamics calculations, with experimentally observed phonon frequencies has

517 led to the conclusion that the material prepared by the transfer hydrogenation method

518 contains mainly two isomers, those with symmetries D, and S, (Bini et al. 1998).

519 In revue (Meletov and Kourouklis 2005) we have analyzed optical Raman and [AUI12]
520 photoluminescence spectra of the hydro- and deuterofullerene, C H, -and C D,

521 respectively, prepared by high-pressure hydrogenation. The X-ray analysis, of the

522 obtained material, shows that it haso the bee structure, typical for Csone (Hall et al.

523 1993), with lattice parameter 11.83 A. The aim of research was to identify the phonon

524 and electron energy spectra of the high-pressure hydrogenated fullerene, to clarify the

525 isomer composition and homogeneity of samples, as well as to study the isotopic

s26 effects in the vibrational spectra. The Raman spectra of the high-pressure hydroge-

527 nated samples were compared with those obtained by transfer hydrogenation and with

528  the molecular dynamics calculations data, five low energy isomers were studied (Bini

520 et al. 1998). The Raman data show the presence of all principal isomers in the high-

530 pressure hydrogenated fullerenes, large isotopic shift for the C—H stretching mode,

531 whereas the shift of the modes related to the fullerene molecular cage is negligible. We

532 have also studied the pressure behavior of the Raman and photoluminescence spectra

533 of the C H,, at pressure up to 12 GPa in order to get information about the structural

534 and chemical stability of the material at high pressure. All observed features are reversible

535 with pressure and C_ H, is stable in the investigated pressure region.

536 The comparison of our experimental data with those of Ref. (Bini et al. 1998;

537 Bensasson et al. 1997) shows that the Raman spectrum of the high-pressure hydro-

s  genated C H, is richer more than five times than that of the transfer hydrogenated

s39  C, H,.. The majority of the experimentally observed Raman peaks (86 peaks from

540  atotal number of 126) are very close, with an accuracy of ~5 cm™, to the calculated

s41  frequencies and cross-sections of the Raman active modes (their total number is

s42  400) (Bini et al. 1998). The peaks, which are close to the calculated frequencies,

543 are assigned to all principal isomers, but the majority of them belong to the isomers

544 with the symmetry S, T and D, .

545 Now we want to discuss IR optical spectra of the C_H,, synthesized at high-

s46  pressure. Results of this study were published in Bazhenov et al. (2008). There are

547 a lot of publications devoted to theoretical and experimental study of C,H, .. We

s4  should pay attention on the existing discrepancies in the results of theoretical

s49  calculations of the dipole-active spectra C_ H. ., compare, for example, papers Bini

s50 et al. (1998) and Bulusheva et al. (2001). There were used different theoretical

551 models. Semiempirical method of the MNDO type (Dewar and Thiel 1977) was  [AU13]
s52  used in (Bini et al. 1998). Ab initio Hartree—Fock self-consistent field approximation

553 was used in (Bulusheva et al. 2001).
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To analyze structure of C, H,, produced by our method we elucidated absorption 554
spectra near 2,900 and 1,650 cm™. It was found that Lorenz curves are the best ss5
approximations of the spectra determined by the stretching vibrations of the C-H 556
bonds in C H,. Figure 11.10 shows that the structure of stretching vibrations 57
strongly depends on hydrogen content x. Experimental spectrum of stretching vibra-  ss8
tions in C60H48 consists of two broad lines 2,914 and 2,841 cm™' and of four lines 559
2,912, 2,860, 2,830, 2,802 cm™' in C60H36. ‘We denote these lines in C60H36 as1,2,3 se0
and 4, respectively. The order of their relative intensities is 1 > 2 > 3 > 4. Infrared  s61
and Raman spectra of five low energy isomers of C60H36 of the T, D, D, d(C-K), T se2
and S, symmetries were simulated in (Bini et al. 1998) by semiempirical quantum  s63
chemical calculations. In accordance with (Bini et al. 1998) the main part of our  se4
C,H, is close to the T symmetry. Two discrepancies with experiment we have  ses
found: (1) experimental and theoretical intensity orders are | >2 >3 and 1 >2>3, 566
respectively; (2) experimental and theoretical intervals of three high energy lines are  s67
82 and 39 cm™ (for T symmetry), respectively. Essentially more close to our experi-  ses
mental frequencies and intensity order were calculated for C_ H, of T symmetry seo
using ab initio Hartree—Fock self-consistent field (Bulusheva et al. 2001). Tree high 570
energy lines in our high-pressure hydrogenated C, H,: 2,912, 2,860, 2,830 cm™ in 571
C60H36 and their relative intensities are close to the C60H36 of the T symmetry 2,912, 572
2,850, 2,831 cm™ in the chemically synthesized CGOH36 (Bulusheva et al. 2001). 573
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Fig. 11.10 Absorption spectra of C H, , C H,, and their deconvolution: points are experimental

spectra; thin solid lines designate the Lorenzian curves and the sum of these curves
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574 In accordance with (Bini et al. 1998) absorption line 4 in C H,, may be
575 explained by admixture of the isomer of the D,, symmetry. Absorption spectrum of
576 C6OH36 near 1,650 cm™!' confirms an admixture of isomers in our case. Theoretical
577 calculations (Bini et al. 1998) have shown absorption lines at 1,634, 1,700 and
578 1,731 cm™ in isomers of D,, T, D, d(C-K) symmetries, respectively, and absence
579 of absorption in this spectral range in isomers of S_ and T symmetries. But T-isomer
ss0 should have absorption line near 1,700 cm™ in accordance with calculations
581 (Bulusheva et al. 2001). We have observed absorption lines at 1,584, 1,611 and
s82 1,723 cm™'. It means that we have not only admixture of the isomer of the D,
583 symmetry, but isomer of the D, (C-K) or T, symmetry as well.

584 So, we may conclude that we have combination of isomers in our C, H,  synthe-
s85 sized at high-pressure and high temperature in accordance with IR and Raman
586 measurements.

587 Authors of the course of fullerene chemistry (Fullerenes, Ed. “Examen’ 2005) are
s8s  sure that carbon cage of the hydrogenated fullerene with x > 36 should be destroyed
580 as a result of steric strains. Experiment (Talyzin et al. 2006) has shown that increase of [AU14]
so0 the hydrogenation time at hydrogen pressure 120 bar and temperature T = 673 K
591 results in amorphization of the structure at hydrogen content more than 4.6 wt% (formally
502 X > 36). The sample with the strongest hydrogenation (5.3 wt%) was completely
503 amorphous. Nevertheless, high-resolution mass spectroscopy of these samples has
594 shown some amount of highly reduced fullerenes up to C, H, and fragments of C;_
s05 s, With variation of the hydrogen content x from 38.to 48 (Talyzin et al.(2006). The
s06 change of the conditions of hydrogenation (20 kbar, T = 773 K, 90 min) has shown
s97  thatitis possible to produce hydrofullerides C, H with 44 <x <52 without noticeable
s08 fragmentation or collapse of the carbon cage (Talyzin et al. 2006). It is important that
599  in the case of high pressure of hydrogenation mass spectroscopy has shown essentially
600 IMOre NArrow Cson distribution, 44 < x < 52 (Talyzin et al. 2006), in comparison with
601 the hydrogenation at low pressure (16 < x < 50) (Talyzin et al. 2006). The resultant
602  product is strongly dependent on the experimental method of hydrogenation of C_, and
603 further study of the strongly reduced fullerenes is necessary.

604 Our method of high-pressure/high temperature is essentially different of the
605 chemical methods of hydrogenation of C . We have synthesized C_ H with 36 < x
606 < 60 at hydrogen pressure 50 + 5 kbar, temperatures up to 773 K and time of hydro-
607 genation =10 h. Hydrogenated samples were of white color. The value of hydrogen
608 content x was dependent on the experimental conditions: time, temperature, pressure.
609 Hydrogen content in products was estimated by combustion of fulleranes in the
610 oxygen flow and weighting of the resultant products, CO, and H,O. Average hydrogen
611 content was measured in our case with accuracy Ax = (0.5 + 1). We do not know
612 the exact formula for every C,; molecule in the product of hydrogenation: the case
613 of one experiment we have got x = 57.5, second experiment has shown x = 60.1.
614 We think that we have C_ H,, molecules with some admixture of impurity.

615 IR transmission spectra (T) of the thin polycrystalline specimens or powders
616 were measured using IR microscope of the Fourier-spectrometer at room temperature
617 in the spectral range of 600 + 5,000 cm™'. Optical absorption spectra were calcu-
618 lated as —In(T). Figure 11.11 demonstrates normalized absorption spectra of fulleranes
619 C60HX with x = 36, 42, 48 and 60 together with the well known spectrum of fullerit

60”
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C,, (bottom picture). Stretching and banding vibrations of the C-H bonds appear in 620
the spectra of the hydrogenated C,; near 2,900 and 1,450 cm™, respectively. Also, 621
the well-known increase of a number of dipole-active modes determined by vibrations 622
of the carbon cage was observed when we got over from highly-symmetrical C, to 623
fulleranes Cﬁon with x = 36, 42, 48. This is a result of the lowered molecular 624
symmetry and existence of isomers. For example, fullerit C , has 4 dipole-active 625
modes; C, H,, of the T symmetry should have 42 dipole-active modes in accor- 626
dance with theoretical calculation (Bini et al. 1998). A number of the dipole-active 627
vibration modes decreased again in C, H . This indicates their higher symmetry in 628
comparison with C, H , x = 36 + 48. Our IR spectrum of C,H is similar to that 29
one measured in highly reduced fullerit with x = 44 + 52 (Talyzin et al. 2006). &30
Taking into account results of paper (Talyzin et al. 2006). it is possible to conclude 631

that carbon cage of C_ is not destroyed in our C_ H. 632
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Fig. 11.11 Normalized absorption spectra of fullerit C60 and fulleranes Ceon with x = 36, 42, 48
and 60, T =300 K
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It is interesting that a combination of the vibrational modes of C
example, C H,, may explain the emission and absorption spectra of interstellar and
circumstellar clouds. Millimitre-wave measurements have led to the detection of
over 120 inorganic, organic molecules, radicals, cyclic molecules, and cyanopoynes
in the interstellar medium (Kwok 2004). In addition to molecules, solid-state
particles were found in the interstellar and circumstellar medium. Solid particles
have a high opacity due to strong absorption and scattering of the visible light.
These clouds of dust may completely obscure the stars. Clouds may be studied by
infrared absorption spectroscopy as well. Infrared emission spectrum of the carbon-
rich source NGC 7027 (Russel et al. 1977). is shown in the upper part of Fig. 11.12.
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Fig. 11.12 Emission spectrum of NGC 7027 with the wavelengths of the unidentifined features
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This emission is a result of illumination of the interstellar and circumstellar clouds 43
excited by ultraviolet radiation of stars. A lot of experiments were performed in 644
different laboratories to fit the C-H starching features observed towards the 645
Galactic center: complex molecular mixture formed by irradiation of ices, hydro- 646
genated amorphous carbon, quenched carbonaceous composite produced by 647
quenching the plasma of methane gas, organic materials, such as microorganisms 648
(see references in (Pendelton et al. 1994)). None of widely accepted materials were 649
satisfactory for explanation of the emission spectrum of NGC 7027 (Webster 1991).  &s50
Adrian Webster (Webster 1991, 1993) proposed that this spectrum is the emission 651
of C60H60 and C60HX with small x. He has calculated vibrational spectrum of C60H60, 652
using a force-field model. He has supposed that carbon atoms in C, H are located 53
at the vertices of a truncated icosahedron as in usual C_, and the bound hydrogen 54
atoms positioned randomly outward from them (I, symmetry, the icosahedral grope 55
with inversion). Of the possible 354 vibrational modes in C_ H,, only 27 belonging  es6
to the irreducible representation F, are IF-active. This representation is triply  es7
degenerate, so there are nine IR active frequencies. The result of theoretical calcula- 658
tion is shown by short vertical lines in the upper part of Fig. 11.12. Tentative assign- 659
ment of calculated frequencies of C H to unidentified infrared features is shown  eso
by arrows in this figure. Six of the infrared active frequencies match unidentified es1
lines to within 4%, and a seventh differ from an observed line by 8%. Line 787 cm™ 662

(12.7 pm) was not identified. Experimental spectrum of C_H_ much better 663

60" 760
describes unidentified lines. Moreover, not identified in theory (Webster 1991, 664
1993) line 787 cm™ (12.7 um) is clearly seen in experimental spectrum. 665

Two features of the unidentified emission cannot be explained with the help of 666
theoretical and experimental spectra of C,H: broad backgrounds in the spectral 67
range 700 =+ 1,700 cm™!, and emission line at 3049 cm™ (3.28 pm). It was supposed 668
in (Webster 1991, 1993) that background is an emission of lightly hydrogenated 669
fulleranes C, H _as a result of decreased molecular symmetry and isomerism. As an 670
example we show spectrum of C, H,, in Fig. 11.12. Strong background in the spec- 71
tral range 700 + 1,700 cm™ takes place in this spectrum. As we have shown above, 672
our fulleranes with hydrogen content x = 36 are a mixture of isomers. We are sure 673
that the same will take place at x = 48. Figure 11.10 shows an increase of back- 674
ground in the spectrum of C, H, in comparison with the spectrum of C, H,. 675

Cataldo F. (2003) the first have shown that the absorption spectrum of C H,, 676
synthesized by chemical method is able to match several IR emission lines detected 677
from interstellar carbon dust. Background in the spectral range 700 + 1,700 cm™ 678
was not detected in this paper. 679

Stretching vibrations of C—H bonds in experimental absorption spectrum near 680
1,920 cm™! correspond to the sp? bonding (Stoldt et al. 2001) (Fig. 11.3). They are 681
observed in emission spectrum of NGC 7027 as a broad band overlapping with  es2
line 3,049 cm™ (3.28 um). This line was never observed in absorption spectra of 683
interstellar and circumstellar clouds (Russel et al. 1977). Frequency of this line e84
corresponds to the sp? bonding (Stoldt et al. 2001). We should note that vary weak e85
line 3,050 cm™! was observed in the absorption spectra of synthesized C_H, and ess

60742

C,H,, (Fig. 11.13). Taking into account strong steric strains in highly reduced es7
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ess  fulleranes, we suppose that a high concentration of short time leaving sp? bonds
es9 appear in C H with x > 42 at ultraviolet excitation by stars. The absence of this
690 line in the absorption spectra of interstellar and circumstellar clouds may be
691 explained by emission of only thin boundary layer of cloud as a result of absorption
692 of the ultraviolet light of stars by dust of cloud and shot lifetime of the
693 Sp? states.

694 The absorption spectrum of stretching vibrations of the C—H bonds consists of
695 three lines 2,857, 2,910 and 2,942 cm™! (Fig. 11.13). Analogous structure is seen in
696 the absorption spectrum of the cloud IRS6E (Fig. 11.13).

697 Fig. 11.12 shows that the emission intensity of the low energy states is stronger
698 than that of the high energy lines. The absorption spectra of Fig. 11.12 have reverse
699 relation. Absorption is proportional to the density of the vibrational states. Emission
700 intensity is proportional to the Boltzmann population of the vibrational states at
701 ultraviolet excitation. This may be a reason for high emission intensity of the low
702 energy states in clouds.
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Fig. 11.13 Emission spectrum of NGC 7027, absorption spectrum of the interstellar cloud IRS6E
and absorption spectra of synthesized C, H  and C,H,, in the range of the stretching vibrations
of the C—H bonds
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