6238 J. Phys. Chem. A997,101, 6238-6242

High-Temperature Oxidation of Fullerene Cgo by Oxygen Atoms
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The reaction of O atoms with fullerenesg3vas studied behind reflected shock waves by time dependent
atomic and molecular resonance absorption spectroscopy. Mixtureg/NEQ highly diluted in argon were
shock heated, and the absorption of O atomé at130.5 nm and of CO[% *(v' = 0)—~AMI(»" = 1)] at

151.0 nm was monitored. Simultaneously, the time behavior of spectrally resolved light emitted by the shock-
heated mixtures was recorded by an intensified CCD camera in the wavelenghth range 316 an%70

nm. The experiments were performed in the temperature range 1870k 2625 K at pressures around

1.30 bar. A kinetic model for the reaction system was developed. The evaluation of O atom concentration
measurements resulted in the following rate coefficient for the reactipr-@—CO + products: k, = 3.0

x 10 exp(—11 450 KIT) cm® mol~* s™X. The uncertainty irk, is expected to be-50%.
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The existence of fullerenes as a new carbon modification has +—= l
been established during the last few yeéarshe G molecule \
discovered to be stable by Kroto et al. in 1985 was proposed to e e
be a soccer-ball-shaped cage, where the carbon atoms are placed
at the edges of 12 pentagons and 20 hexagons. The propose
structure was confirmed in an immense number of experimental
studies. In contrast to many investigations concerning the mw-pischarge
thermal stability of fullerene molecules, the chemical stability Lamp

at high temperatures has not been studied in detail, although
this may give insights into modern aspects of combustion
chemistry and other scientific areas. In spite of the great interest| Tunable Infrared Infrared -
concerning the chemical stability of fullerenes, reliable kinetic | P taser Monochromator
data for fullerene reactions with atomic species at high tem- 16 1. Schematic of the experimental setup including shock tube,
peratures are St|” I|m|ted. The Chem|cal Stabl|lty Of fu||ereneS aerosol generator, and different optica| diagnosticsl

with respect to molecular species like NO, 58, CO, NH;,

and Q has been investigated by Zhang et?aht room an intensified CCD camera was employed to obtain further

temperature. Furthermore, the conversion @ft@ amorphous  information about possible additional species such asr@
carbon was studied in a pure; @mosphere at 500 K, and, at cN.

higher temperatures, the oxidation products CO and @€e

01010

observed. The high-temperature oxidation gf 8y O, was Experimental Section
investigated in a previous shock tube study of our group by ) ) .
both following the emission of £and infrared diode laser The experimental setup used during the present study is

absorption measurements of CO and;GOA shock tube study shown schema_tically_ in Figure 1. It consists of an _aerosol
on the thermal stability of & was performed earliéiby time generator for dispersing the fuII_erene pow_der, the main shock
dependent absorption measurments gfv@ich is the primary tube for heating the §/N,O/Ar mixtures to hlgh. temperatures,
product during fullerene decomposition. From this study, a @1 ARAS/MRAS spectrometer for measuring O and CO

temperature limit for the thermal stability ofsgof T < 2650 absorption, a spectrograph with an intensified CCD camera for
K was determined to be relevant for shock tube conditions. the detection of spectral and time-resolved emission, and an IR

The aim of the present work is to study the reaction gf ¢ diode laser system. _ _

with O atoms by monitoring the concentrations of both O atoms 1 1€ Geo powder was dispersed in argon by an expansion wave
and CO in high-temperature experiments. For this purpose thedriven aerosol generatér.lt consists of a glass vessel Vf—_
well-known dissociation of BD, which has recently been 3 x 10° cm® volume connected to a glass tube of 5 cm inner
verified by Ross et af,was used as a source for O atoms. diameter, which was separateql by a thin dlap_hragmfrom a high-
Mixtures of Gso/N2O highly diluted in argon were shock heated Préssure Fube of the same diameter. A.thln d|§per3|on plate
to temperatures below 2650 K to ensure a direct reaction of WS positioned near the diaphragm, which carried for every
Ceowith O. Two different diagnostic tools were used to follow €XPeriment about 100 mg of the fullerene powder. Before the
the shock-induced oxidation. The sensitive ARAS/MRAS Powder dispersion was started, the low-pressure section of the
technique was applied to monitor time dependent O atom and 2€r0sol generator was evacuated to a pressure of abeut 5

CO concentration. Simultaneously, emission spectroscopy with 10->mbar. Subsequently, argon was filled into the high-pressure
tube. After the bursting of the diaphragm, the high-pressure

* Author to whom correspondence should be addressed. gas argon expanded in the form of a supersonic expansion wave
€ Abstract published irAdvance ACS Abstractéyugust 1, 1997. into the evacuated vessel, thus dispersing the fullerene powder
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10" — T 71— A(COLsook =
1—exp{—L x 1.8 x 10 ®¥cm*4CcO]*Y (2)

v : The light emitted from the shock-heated reactive gas mixture
- was focused via a light fiber at the entrance slit of/am
spectrograph, which has a spectral rangdbf= 255 nm and
a resolution of 1.3 nm. The spectrally resolved light was
detected by an intensified CCD camera allowing a fast time
shift of the optical information. For this purpose only a few
lines at the top of the CCD sensor chip were illuminated for a
certain time interval. The stored spectral emission was trans-
ferred stepwise line by line into the dark zone of the CCD chip,
L L which served as memory. Accordingly, the spectral as well as
60 80 100 the temporal behavior of the emitted light was recorded.
. o Spectral characteristics of the quantum efficiency of the intensi-
absorption / % fier and of the diffraction grid were taken into account. The
Figure 2. ARAS/MRAS calibration curves for O atoms and CO at intensified CCD camera system (Streak Star) with spectograph
2400 K. was supplied by L.A. Vision.
For a quantitative data interpretation in terms of kinetic
arameters, the initial concentration ofp@as required. For
his purpose, fullerenedgpowder was dispersed in Ar contain-
ing about 6% of Q. The aerosol mixtures were heated by the
shock wave to conditions similar to the experiments of the
present study and resulted in a complete oxidation &fly
0,. The gas phase oxidation products CO and,Qe@re
guantitatively measured by tunable infrared diode laser spec-
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and bringing it into aerosol form. The fullereng¢(owder
used during the present experiments was supplied by Hoechs
AG, Germany, with a purity better than 99.7%. The generated
aerosol was mixed with §D/Ar mixtures and subsequently
transferred into the running section of the main shock tube.
The stainless steel shock tube, which was used as an
isothermal-isobaric wave reactor, has an inner diameter of 8
ﬁ:;g&tc’t_?_lhfni%tiza?f ;rle srrs]h?;do? :ﬁgnggrc‘:‘;;“o;g;gﬁe? Il:?y troscopy, from which an initial g3 gas phase concentration of
2 . ! ) about 40 ppm could be deduced, see ref 8.
calibrated diaphragm type pressure transducers, was in the range
of 19-30 mbar. The shock velocity was measured by four poqits
piezoelectric pressure transducers positioned at known distances
along the shock tube axis. The postshock temperature and The experiments on high-temperaturg/®20/Ar mixtures
pressure were calculated from the incident shock speed bywere performed behind reflected shock waves at temperatures
applying one-dimensional conservation equations. The shockbetween 1870 and 2625 K and at pressures around 1.3 bar. In
wave running into the fullerene-containing aerosol caused a 13 individual experiments with }D concentrations ranging
sudden temperature and pressure increase initiating first thebetween 5 and 20 ppm, the absorption by O atonis=atl30.5
evaporation of the solid fullerene particles in less thans5 ~ NM was monitored. To quantify the formation of CO, a few
Subsequently, the fullerene vapor started to react by a homo-€xperiments were performed under similar conditions, while
geneous gas phase reactigh. molecular resonance absorption of COlat 151.0 nm was
The optical setup for measuring time dependent O and CO measured. Due to the relatively nonsensitive absorption of CO
absorption consists of a microwave discharge lamp, the optical compared to O atoms, CO measurements could only be done
absorption path, a vacuum UV monochromator and a solar blind With relatively high initial RO concentrations above 25 ppm.
photomultiplier. The Ol and CO[X *(v' = 0)—AMI(V" = Furthermore, CO absorption was recorded at temperatures above
1)] transitions were excited in gas mixtures of He containing 2300 K to ensure a high degree of conversion of O atoms to
1% of O, or 1% of CQ, respectively, passing through the lamp CO. Simultaneous to the ARAS/MRAS absorption measure-
at a pressure of 5 mbar. The spectral lines were selected by anents, the spectral and time-resolved emission of the reacting
/s m vacuum UV monochromator. To obtain the relation gas mixture was recorded.
between measured absorption and the corresponding O and CO Typical examples of O atom absorption profiles obtained from
concentration, the ARAS/MRAS diagnostic was calibrated. For shock-heated pO/Ar mixtures without and with addition ofde
this purpose, gas mixtures of,® or CO, both h|gh|y diluted are shown in Figure 3. The abSOfption prOfile measured in the
in argon, were shock heated and the absorption of O and CO€xperiment without g shows a fast increase after shock arrival
was measured and related to the known species concentrationfollowed by a steady state behavior for the remaining observa-
Calibration curves for O atoms and CO are shown in Figure 2. tion time. The addition of € to the reaction system results in
The calibration for O atoms, which is temperature independent, @ strong decrease of the measured O atom absorption after rapid
can be expressed by a modified LambeBeer law formation. This principal behavior was observed in all experi-
ments. Each individual O atom absorption profile obtained from
A(Ol)=1—exp{—L x 1.0x 10°° CmO-B[Q]O-G} (1) shock-heated §/N,O/Ar mixtures was converted to absolute
O atom concentration via the modified LambeReer law of
In the temperature range of the present study, the relationeq 1. Examples are shown in Figure 4; the noisy experimental
between absorption and concentration in the case of CO slightlylines are apparent. The experimental conditions and charac-
depends on temperature. Lower temperatures are related to aeristics of all measured O atom concentration profiles are
higher sensitivity for CO absorption. As an example, the summarized in Table 1.
calibration curve foiT = 2400 K is also illustrated in Figure 2. The CO absorption profiles were measured at temperatures
It is obvious that absorption of CO is more than 1 order of above 2300 K with initial NO concentrations between 25 and
magnitude less sensitive compared to the absorption of O atoms40 ppm. After a short induction period, the absorption increases
The CO calibration can be expressed by the following equation: to approximately 2630% at the end of the reaction time,
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Figure 3. Examples of time dependent O atom absorption measured g re 5. Comparison between measured (noisy line) and calculated
in N2O/Ar and Go/N.O/Ar mixtures. (solid line) CO concentration profiles.

E=N

| ' ! ' ! ' | ' spectrally and time-resolved emission measurements using the
10ppm N,O + 40ppm C, intensified CCD camera in the wavelength range 315=rh
< 570 nm showed no characteristic radiation for all shock tube
3 _p 1=2600K, p=1.26bar — experiments of the present study. Especialiya@d CN, which
T=2100K , p=1.36bar have strong spectroscopic bands within this region, could not
be observed during the present experiments.

Discussion

It can be assumed that several subsequent processes occur in
the shock-heated gases containingy @ highly dispersed
particle form. Due to the relatively high vapor pressure gf, C
the solid agglomerated carbonaceous particles evaporate rapidly
at high temperatures. This process starts behind the incident
rFt T shock wave, where temperatures are in the range 1080TK
0 200 400 600 800 =< 1300 K, and continues behind the reflected wave much more

rapidly because of higher temperatures. The particle size after

time / us powder dispersion was determined by scanning electron mi-

croscopy resulting in particle diameters of less than 900 nm.
An upper limit for a fullerene particle evaporation time of about

O-concentration / 10"°cm’

Figure 4. Comparison between measured (noisy lines) and calculated
(solid lines) O atom concentration profiles for two different tempera-

tures. 5 us can be calculatéd for conditions of the present study.
The given upper limit for the evaporation time was experimen-
TABLE 1. Experimental Conditions and O Atom tally confirmed by laser light scattering experiments behind
Concentration Characteristics Obtained from shock waves. We therefore can assume for our experimental
High-Temperature Ce/N,O/Ar Reaction Systems conditions that the initial reactantgis in the vapor phase for
K bP/ Rlpg t([O]max)/ o o o o o nearly the total observation time and that reactions described
ar 2 #S__ [Olmax [Ol20g:s [Oleoais [Olsonss [Olsogss in this study are dominated by homogeneous gas phase kinetics.
1870 1.39 20 800 321 158 256 299 321 The dissociation of BD at high temperatures is well-known

1990 1.6 5 400 069 056 069 0.63 0.53 ;
2030 134 10 285 140 132 130 098 069 and has frequently been used as a pyrolytic source for O atoms.

2040 1.44 10 250 150 147 131 093 o057 Recently, Ross et 8lverified the decomposition of XD by

2100 1.36 10 240 1.88 183 163 114 071 measurements of O atom concentration and evaluated a rate
2215 132 10 165 228 225 149 082 046  coefficient within the uncertainty limit of previous work. In
2250 135 5 118  1.09 097 044 030 018 455 mixtures of relatively low initial reactant concentration, the
2280 126 5 115 1.04 090 041 023 019 o oo :
2300 138 5 88 120 098 040 024 021 decomposition of MO proceeds via direct O atom abstraction

2320 1.30 10 100 225 172 056 025 022 without any significant secondary reactiofis:
2530 1.33 10 51 270 133 047 014 011

2600 1.26 10 40 258 096 030 015 0.10 N,O + Ar=N,+ O+ Ar (R1)
2625 128 5 37 130 0.42 0.11 0.10 0.10
2 All concentrations in 18 cm2. k, =9.28x 10" exp(—29 920 KIT) cmmol st

corresponding to CO concentrations of arouns 10 cm3,

A typical example of a measured absorption profile converted It seems reasonable to interpret the observed consumption
to CO concentration with its noisy signal is shown in Figure 5. of O atoms caused by the addition ofs@s a direct reaction
Because of the relatively nonsensitive detection technique, thebetween these species to form the oxidation product CO:
signal to noise ratio is low. We therefore have not further

evaluated the signals in terms of kinetic parameters. The Ceo + O— CO+ products (R2)
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10" : l : , : analysis. For eagh individual shock tube experimer]t, the
measured absorption was converted to absolute species con-
centration and compared to computer simulations based on
reactions R1 and R2. The rate coefficidatwas a variable
parameter used to achieve a good fitting of the measured
profiles. Examples obtained from different shock tube experi-
] ments are illustrated by th smooth lines in Figure 4 for O atoms
and in Figure 5 for CO. Nearly complete agreement between
v 5ppm N,O calculated and measured concentration profiles for the two
O  10ppm N,O . examples as well as for all other experiments was obtained. It
= 20ppm N.O ] seems that the rather simple mechanism with one O atom
forming and one O atom consuming reaction is sufficient to
k, = 3.0 x 10°exp(-11450K/T) cm’mols™ describe the O atom perturbation experiments. The results
indicate that further reactions of expected fullerene fragments
! | ' | ' and other intermediate species must have only a minor influence
3 4 5 6 on the measured properties. All individual rate coefficidats
4 obtained as best fit parameters are shown in the Arrhenius
10" K/T diagram of Figure 6. A least-squares fit to the data points

Figure 6. Arrhenius diagram for the rate coefficiekt determined in represented by the solid line is expressed by:
the present study.

Ce + O » CO + products
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k, = 3.0 x 10" exp(—11 450 KIT) cm® mol *s*
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T=2625K, p=1.28bar The scattering of the data points around the given mean value
| oppmN.O+40ppm C,, is comparatively low. The influence of variationslafon the
calculated O atom concentration profile is demonstrated for one
experiment in Figure 7. The example demonstrates that the rate
coefficientk, determined in this study is very sensitive to the
measured property and that the uncertaintyyican be expected
to be £50%.

Compared to bimolecular reactions of O atoms with small
molecules, the preexponential factor of 3<010*> cm® mol~1
s 1 in the Arrhenius expression fde seems to be unusually
high. With respect to the size ofgg; this should at least be
discussed in terms of the gas kinetic collision frequency together
with the steric factor. For this purpose we estimated the

o

O-concentration / 10"°cm’®

0 200 400 600 800 frequencyZc,,o for collisions of O atoms with &, which is
time / us given by
Figure 7. Sensitivity of the evaluated rate coefficient demonstrated me. +my
by variations ofk.. = N.d2 KT 3
Zceofo— AYCgo—0 8r ( )
M, Mo

Reaction R2 includes a sufficient description of both experi-
mental facts, the decrease in O atom concentration and also the
formation of CO. The remaining question, what kind of species Wheredcg,-o = (dc,, + do)/2 is the mean atomic or molecular
are the further products of R2 cannot be answered satisfactorilydiameter anane;, andmo are the masses of the reacting species.
from the present experiments. Nevertheless, the fact that C Values ofdey, = 0.75 nm andio = 0.15 nm lead to the collision
radicals were not observed in the reaction system clearly frequency of approximatelfc,, , = 1 x 10' cm® mol™* s™*
indicates that a breakdown ofs§induced by O atoms would at 2500 K, which is very close to the evaluated preexponential
not proceed via € abstraction as observed in pyrolysis factor and can be regarded as a hint for the correctness of the
experiments of .4 Due to the relatively insensitive detection ~Magnitude. Furthermore, due to the high symmetry of fullerenes,
technique for CO, the consumption of O and the formation of the probability for reactive collisions betweer¢@nd atomic

CO could not be measured under the same experimentalSPecies should not significantly depend on the geometry, and
conditions. The initial MO concentration was significantly therefore the deviation of the steric factor from 1 is assumed to
higher in the CO formation experiments compared to the O be small.

consumption experiments. Nevertheless we regard the observed

CO concentration as a confirmation of CO being the main but Conclusion

probably not the only oxidation product. The addition reaction

of O to thes double bonds in & Mixtures of NO highly diluted in argon were shock heated
and used as well-characterized thermal O atom sources. The
Ceot O—Cy,O reaction system was perturbed by the addition gf €&sulting
in changes of the O atom concentration and in the formation of
to form an epoxide structure has been observed etrifand CO. O atoms and CO were measured by atomic and molecular
could at least be considered as a second channel for fullerengesonance absorption spectroscopy. A kinetic model was
oxidation. developed to describe the time behavior of the measured species

The strategy for evaluating the measured O atom profiles in and a rate coefficient for the reactiogda O — CO+ products
terms of a rate coefficiert, seems to be clear from the above was determined.
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