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Abstract

A micro-bomb combustion calorimeter was developed. The formation and atomization
enthalpies of Cgy, Crg, corannulene and coronene were determined by this calorimeter.

Derived results are summarized in Table 0.1. Comparison of these formation enthalpies

Table 0.1: Standard formation and atomization enthalpies of Cgy, Crg, corannulene and
coronene at 298.15K in kJ-mol~?

ArH(c)  AcH(g)  DaH°(g)

Ceo 2273+15 2501417 40498431
Crno 2369418  2536+20 47531437
Corannulene 342.345.6 463.7 16050

Coronene 152.54+6.9 295.449.1 19521414

with those of several theoretical calculations suggests the rectification of parameters is
necessary for semi-empirical methods to predict the formation enthalpies of non-planar
molecules.

Experimental atomization enthalpies of seven planar polycyclic benzenoid aromatic hy-
drocarbons (PBAHs), benzene, naphthalene, anthracene, pyrene, naphthacene, coronene

and graphite were fitted to the three-parameter function of the form:
AaHo = ’nccEcc + nCHECH + TRE,B

where ngc and ncy are respectively numbers of CC and CH bonds, Ecc and Ecy are bond
energies of hypothetical localized CC and CH bonds, respectively, TRE is the topological
resonance energy, and ( is the Hiickel resonance integral. Despite only three adjustable
parameters in the equation, atomization enthalpies of these planar PBAHs were well repro-
duced with the parameters Egc/kJ-mol~! = 462.6, Ecy/kJ-mol~! = 441.6 and 3/kJ-mol~?
= 362.2.



Parameters determined above were used to evaluate the strain energies of Cgy, C7p and
corannulene from the experimental atomization enthalpies. A competing relation between
resonance energy and strain energy in these non-planar molecules was derived quanti-
tatively. The strain energies of Cgp, Crp and corannulene are 1707, 1754 and 195.7 in
kJ-mol~1, respectively. The fact that the strain energies of Cgp and Cyq are similar to each
other supports the “curvature conservation law of fullerenes”. By virtue of the separation
of atomization enthalpy into resonance energy and localized bond energy, the strain of non-
planar molecule was found to be explained by a simple force-constant model. The relative
stabilities among single-shelled fullerenes, multi-shelled fullerenes (fullerene onions) and
graphite fragments were predicted in terms of the parameters determined in the present
study. For a collection of about a thousand carbon atoms the most stable form is predicted

to be the fullerene onions.

2 B

MEMEREH 2R L, ThELIT Cep. Crp. TTX LY, auRp OERART Y
INVE—R PR IV E—EZRE LTz, BDNUEEREE 0.1 I2H8ITS, ERTHE
DIVIARHEAR L Z N — R ONDOERRH R L W L TAHZ L 2 A, ERBHTFIE
IS EE S T OREBEER T Z LV E—ZIELL FHIY B 7 DITIIA S P OHRARAIKT
HDHI ELIREINT,

CODEEBLRAN Y ) A FEFBIRI{LKE (PBAH), ~vEy, F7&Lvy, 7T
7Y, BV anRy, ROT 7774 MIRT BRI 2NV E—DEREE
LUF?D 317 A—Z Bz Bl Lz,

A H® = ngcEcc + ncuFEcy + TRES

ZZ T ngo. ncu 13K 4 CCHEA. CHEARDETHY, Ecc. Ecu 1344 RTE LT-{48
) CCHEA. CHFEA D= R NVF¥—, TRE IR MB R VE—, B iXk 2y idt
NHED THD, ZOBBIIED 3T A—FTHBHIZHLEDL LY. Ege/kJ-mol~1= 462.6,
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Ecu/kJ-mol™! = 441.6 and B/kJ-mol~! = 362.2 ZLATZh b EmE PBAH OFFL—y
IN—%I<{BHRLE,

- ETHRLNEAT A—F DEEZERCELNERTLT L L E—D Cgp. Crp U=
TRV DBEIRNF—ERBMTHOIZHV, Th OEFESFITRIT BB R F—
L BETRNX—DOREBREERMICEHE L7z, Csp. Cro BRI TFX LU DETRLF—
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ETNVTHAIND Z LB o, BT IT—LY, BRT75—Ly (75—LoFd=
F). 7774 MR OHMEZEEO FRIZITV, 1000 REFRFREDES TIILR
T77—VUBREETHHZ L EHALMILE,



Chapter 1

General Introduction

1.1 Intrduction

The formation enthalpy (and atomization enthalpy) of a compound is one of thermody-
namic quantities which plays the central role in thermochemistry. From the compilation of
formation enthalpies, one can evaluate the reaction enthalpies and relative stabilities among
many substances. In applied chemistry, these values provide a quantitative measure in the
search for rational and effective synthetic procedures. From the theoretical point of view,
these values are of fundamental importance for the energetics of intramolecular bonds, the

structure-energy relationship, and so on.

In 1784, year of which is before the proposal of the first law of thermodynamics, Lavoisier
and de Laplace first mentioned the combustion calorimetry in “Mémoire sur la chaleur
(Memoir on the heat)” [1] (For comprehensive hiStory of combustion calorimetry, see Chap-
ter 18 of ref. [2]). The most sophisticated technique for the determination of formation
enthalpy of organic compounds is still today the combustion calorimetry. Recent develop-
ment of synthetic techniques in organic chemistry has made a large number of interesting
molecules available for such a study, though often in a small amount and/or at a high
cost. Since combustion calorimetry is a very destructive method, the miniaturization of

the calorimeter has been thus an urgent necessity.

11



12 CHAPTER 1. GENERAL INTRODUCTION
1.2 State of the Art of Microcombustion Calori-

metry

Table 1.1: World’s microbomb combustion calorimeters

A:Lund® B:Lisboa® C:Freiburg®

isoperibol isoperibol isoperibol
Type stirred water stirred gas (He) aneroid (Cu)
Bomb rotaion No Yes* No
Thermometer  thermistor thermistor quartz
Voomp?/cm® 4.5 18 45
mg"/mg 10 20-40 50
/I K1 583 1810 1481
s.d.m.?/% 0.020 0.016 0.018

D:Marseille®  E:Osaka® F:Osaka’

heat flow isoperibol isoperibol
Type twin stirred water stirred water
Bomb rotaion Yes No Yes
Thermometer  thermopile thermistor thermistor
Vbomb?/cm® 43 9 347
mgh /mg 5 20 1040
et/J.K! 15.96* 1375 15350
s.d.m./% 0.040 0.020 0.003

@University of Lund. M&nsson et al. [12]. ®Instituto Superior Técnico.
Minas da Piedade et al. [17]. ©“Universitdt Freiburg. Beckhaus et
al. [16]. ?Centre de Thermodynamique et de Microcalorimétrie. Sabbah
et al. [15]. ®The present calorimeter. Microcalorimetry Research Center.
See Chapter 2. fMicrocalorimetry Research Center. Macro combustion
calorimeter. Sakiyama et al. [18]. 9Inner volume of combustion bomb.
"Mass of benzoic acid for calibration of the calorimeter. ‘Energy equiv-
alent of the standard calorimetric system. 7Standard deviation of the
mean of €. ¥Under test. !Unit is in J.-V-1.s71.

The reduction of the amount of sample neccessary for one combustion experiment to
about or less than one hundred milligram was first attempted in the 1920’s at several lab-
oratories [5, 6, 7]. After the Second World War, more sophisticated miniature combustion
calorimeters appeared [8, 9, 10, 11], though all of them are now no longer in operation. An

overview of the current activity of miniature combustion calorimetry is shown in Table 1.1.
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For comparison, a macro combustion calorimeter F is shown in the table. The calorime-
ter B was originally constructed at University of Lund as a joint project with Manchester
University. The calorimeter D is of heat-flow type, while the others are isoperibol. In
order to reduce the temperature inhomogeneity in the calorimeter, stirred water is used
in the calorimeters A, E and F. In the calorimeter B and C, the heat-transmitting media
are stirred helium gas and copper block, respectively. Bomb rotation is necessary to real-
ize a well-defined final state for combustion calorimetry of organic sulfur or halogenated
compounds (B, D and F). Intrinsic difficulties in miniaturizing the calorimeter and how we

could get over them are described in the next chapter.

1.3 Motif of the Present Study

The discovery of the fullerene as a third allotrope of carbon has revitalized the fundamental

concepts of physical chemistry. There are two major subjects that intrigue us:

e What are the roles of aromaticity and strain in a fullerene molecule and how they

relate with each other?

e Why the significant amount of fullerene is produced in the harsh environment (e.g.
arc-discharge between carbon electrodes) in spite of the fact that the most stable

state of carbon is graphite at the ambient temperature and pressure?

The aim of the present study should be thus orientated towards how to shed light on these
issues. As described in Chapter 6 and Chapter 7, several theoretical concepts have been
proposed to figure out the physical and chemical nature of the fullerenes. Some of them
emphasize the aromatic character and the others do the strain of curved surface. However,
unified quantitative description of aromaticity and strain in a fullerene molecule has not
been attained so far.

In the present study, an empirical treatment on the energetics for curved sp?-carbon
clusters is proposed in terms of the resonance energy and strain energy, i.e., concrete
values of energy are attributed to the terms “resonance” and “strain” by using solely

experimental thermochemical data and structural information. As an initial step of setting
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up the energetics, strain-free conjugate molecules are considered in Chapter 6 utilizing the
experimental results of Chapter 5, and the unit of the resonance energy is evaluated. Then
in Chapter 7, the strain energy is introduced and its unit is evaluated from the results of
Chapters 3 and 4.

A simple force-constant model is proposed in order to explain the origin of the strain
energy in non-planar molecule. Finally, the relative stabilities are discussed of hollow

fullerenes, fullerene onions and graphite fragments of given number of carbon atoms.



Chapter 2

Micro-bomb Combustion
Calorimetry *

2.1 Introduction

In our laboratory, a microbomb calorimeter was developed several years ago [19]. Through
the use of this calorimeter, various difficulties have been experienced. In the present study,
a new microbomb combustion calorimeter was used that incorporated improvements re-
moving previously experienced difficulties.

Several difficulties have to be overcome in the miniaturization of a bomb combustion
calorimeter while retaining the accuracy and precision achieved in macrobomb combustion
calorimetry. Difficulties related to the reduction of the mass of the sample and the en-
ergy to be measured are common to every sort of microcalorimetry including combustion,
vapourization, reaction and heat capacity calorimetries. A difficulty inherent in combustion
calorimetry is the achievment of complete combustion of the sample. Owing to the increase
of the surface area relative to the mass of a sample, the heat transfer from a burning sam-
ple becomes more effective with decrease of the mass. Consequently, the temperature of
a burning sample is decreased below the lowest value required for the combustion to be
sustained to the completion. Hence, special attention must be paid for the achievment of
complete combustion. Otherwise incomplete combustion is encountered.

Generally speaking, organic compounds with a large C/H ratio are prone to incomplete
combustion. Since these are exactly the type of molecules to be studied in the present

study, a new micro-bomb combustion calorimeter was developed that allowed the sample

*The main part of this chapter will be submitted to J. Chem. Thermodyn. under the names of Sakiyama,
M.; Kiyobayashi, T.
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16 CHAPTER 2. MICRO-BOMB COMBUSTION CALORIMETRY

to be kept at a high enough temperature all through the combustion reaction. In this
calorimeter, the lowering of temperature of a burning sample in the final stage of combustion

can be delayed by supplying electric power to a microheater installed under the combustion

crucible,

2.2 Description of the apparatus

2.2.1 Micro-bomb

The cross-sectional view of the micro-combustion bomb is shown in Figure 2.1. The main
part of the bomb (internal volume is about 9 cm3) is made of stainless steel. The upper part
of the the bomb is double-walled and the inner surface of the inner wall (1 mm thickness)
is covered with platinum plate A. The outer surface of the top of the internal wall is coated
with alumina cement B and the space enclosed by the two walls is filled with granular
zirconia insulater C. The bomb is equipped with a micro-valve D and two independent
insulated electrodes E; one for ignition of the sample and the other for power supply to an
internal microheater described below. The valve is horizontally arranged under the main
body and has no connections with the line for charging and discharging of the gas, so that
the total length of the bomb is minimized. High pressure oxygen is charged, after fixing
the bomb to a rigid metal frame, through a small hole under the valve and a rubber “0”
ring of a gas charge-discharge line attached to the metal frame.

An important innovation in the design of the present microbomb is the installation of
an internal microheater F under a platinum crucible G for the achievement of complete
combustion of the sample. The microheater is made with a bifilarly and circularly wound
piece of platinum wire (0.1 mm in diameter) and adhered to the outer surface of the bottom
of the crucible with alumina cement, the total resistance being about 2.5 2. The total of
the crucible and the microheater is supported by a thin alumina pipe H of 1 mm in outer

diameter.

2.2.2 Calorimeter
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A: Platinum liner. B: Alumina cement. C: Granular zirconia insulator.
D: Micro-valve. E: Electrodes. F: Micro-heater. G: Platinum crucible.
H: Alumina strut. I: Sample pellet. J: Polyethylene fuse.

Figure 2.1: Micro-bomb
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A: Ventilation tubes. B: capillary tube. C: Terminals. D: Circular groove.
E: Partition wall. F: Thermistor. G: Pre-heater. H: Calorimeter proper.
I: Isoperibol vessel. J: Oil seal. K: Stirrer. L: Micro-bomb. M: Copper
can. N: Radial vanes.

Figure 2.2: Isoperibol Combustion Calorimeter
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The cross-sectional view of the calorimeter is shown in Figure 2.2. The calorimeter
is a stirred-liquid type isoperibol calorimeter with flow pattern control. The calorimeter
proper H sits in a submarine vessel | with an air gap of about 7 mm between two walls and
positioned on the V-shaped hollow of Delrin supports with three balls. The air gap is venti-
lated by blowing in a stream of air through the ventilation tubes A before the temperature
acquisition started. The submarine vessel is immersed in a commercial water thermo-
stat (Tronac Precision Temperature Controller PTC 40 and Komatsu Coolnics Circulator
CTE220/CTR220). Temperature of the thermostat is regulated within 0.3 mK at about
298.4 K. For the purpose of flow pattern control, a partition wall E and eight symmetrically
disposed copper radial vanes N are installed. The bomb L is encased in a copper can M for
the same purpose. A Nichrome V heater wire G for the preheating of the calorimetric water
is wound bifilarly around the partition wall. The brass calorimeter can H is sealed with
rubber “O”-rings and an oil seal J and filled with a constant mass of water to a level leaving
a small air space communicating to the space above the thermostat water through capillary
tube B. The temperature of calorimetric water is measured with a thermistor F with the
resistance of about 10 k{2 at 273 K. Lead wires are introduced into the calorimeter proper
through a bent side tube of the calorimeter vessel, tempered with thermostat temperature
in the circular groove D by using Wood’s metal and finally connected to circularly disposed
terminals C. The stirrer rod K is connected with a motor-driven metal shaft via a plastic

insulator.

2.3 Measurement and calculation

2.3.1 Measurement System

The block diagram of the present calorimetric system is shown in Figure 2.3. The mea-
surement is fully automated by using a personal computer.

The resistance of the thermistor, which detects the temperatures of the calorimeter water,
forms an arm of a Wheatstone bridge fixed at an appropriate dial setting. The off-balance
signal was measured with a nanovoltmeter (Keithley 181) down to the digit of 10 nV. A

mean of about 800 acquired data is stored in a RAM of the personal computer at every
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2.3. MEASUREMENT AND CALCULATION 21

10 s interval. The temperature measurement system is placed in an air thermostat.

The potential difference across the microheater (and lead wires connected to it in the
calorimeter proper) is measured at the terminals on the submarine vessel with a digital
multimeter (Keithley 199) and the corresponding current is measured from the potential
difference across a 0.1 2 standard resistor with a digital multimeter (Keithley 196). The
digital voltmeters have a buffer memory of 500 data each. They are triggered simultaneouly
and data are acquired at an identical interval and stored in each buffer memory. After an
‘experiment, the both potential difference data acquired are fed to a RAM of the personal
computer and electric power is calculated from the data acquired. Heating time is measured
by triggering a universal frequency counter (Hioki 3601), operating in the time interval
mode, by the heating current of the microheater via a photocoupler.

The sample is ignited by the discharge of a 4700 uF capacitor charged up to 15 V. A two-
channel storage oscilloscope (Tektronix 2221) was used to determine the electric power for

ignition. The method of measurement is similar to that for the power for the microheater.

2.3.2 Combustion experiment

The experiment is composed of initial, reaction, and final periods, each with a length of
1800 s. In each period, 180 data of the calorimeter temperatures are collected. At 1810 s
from the start of data acquisition, the sample is ignited and at 1811 s the power supply
to the microheater is started. The length of heating time is variable, a standard length
being 19 s. Because of the buffer memories possessed by the electronic apparatus for
measurement, only the starter signals for ignition and for energizing the microheater are
dispatched to an interface via a parallel input and output (PIO) circuit of the personal

computer. The computer is otherwise devoted to acquisition of the temperature data.

2.3.3 Calibration experiments

The calorimeter proper is calibrated by burning the thermochemical standard benzoic acid
(NIST SRM 39i). Since the electric energy is supplied to the microheater in a combustion

experiment, the supplied electric energy is also calibrated against the standard benzoic
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acid. For this purpose, a set of two measurements by different modes are carried out; one
is the calibration experiment by benzoic acid combustion with supply of a small amount
of electric energy through the microheater, which is similar to a sample combustion ex-
periment described below, the other following the first, after cooling the submarine vessel
without changing its arrangement, is an in situ calibration experiment using only electric
energy supplied to the microheater. In the calibration experiment by the second mode, the
supplied power to the microheater is similar to that for a sample or benzoic acid combustion
experiment while the total energy has to be equal to that of the actual combustion experi-
ment. Accordingly the period of heating is extended to 160 s, the period of data acquisition
being 320 ms (38 ms for a sample combustion or benzoic acid combustion experiment in

the case of heating period of 19 s).

2.3.4 Calibration of the electric energy

The correction factor to be multiplied with the observed (nominal) electric energy FEq
supplied to the microheater to obtain the heat @ actually evolved from the microheater

into the calorimeter is denoted as f, i.e.

_Q
f= i (2.1)

In the case of a calibration experiment by the first mode, the energy equivalent of an empty

calorimetric system €° is expressed as follows:

o —-AIBPU+€i(Ti-—-T,)+€f(Tr—Tf+ATc)+f-Ee1+Fflgn
€ = AT (2.2)

where Agp U is the internal energy change for the isothermal bomb process, 7j and T} are
respectively the initial and final temperatures of the reaction period, AT, is the correction
term for heat exchange with the surroundings and for the inernal heat evolution during the
reaction period (due to stirring of calorimeter water and Joule heating of the thermistor),
AT, (= Ty — T + AT,) is the adiabatic temperature rise, € and €' are the contributions
from the contents of the bomb before and after combustion, respectively, to the total energy

equivalent, and Eign is the observed ignition energy.
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In the case of a calibration experiment by the second mode, the energy equivalent of the
empty calorimetric system ¢° is expressed as follows:

!
o_f' el f
€ = ,—6
Aad

(2.3)

where EJ is the observed electric energy supplied to the microheater and AT}, is the
adiabatic temperature rise for this mode of calibration. From the equations (2.2) and

(2.3), the correction factor f is derived by the equation:

X
f=5 | (24)
where '
—AppU+6e(Ti—T) + € (Ty = T+ ATe) + Egn |
X= Te
ATad
and
. Ee,l Eel
Y= ATy ATy

2.3.5 Calculation

Table 2.1: Auxiliary data for benzoic acid and salicylic acid

Compound  p/gem™3 ¢,/J-K1g™! —(%) /J-atm—1.g~1
T

benzoic acid 1.32¢ 1.21¢ 0.012¢
salicylic acid ~ 1.17 1.44° 0.012°

°Ref. [21]. Ref. [20]. “Estimated.

The adiabatic temperature rise is determined as reported previously [18a]. The energy
equivalent of the present calorimeter is based on the standard specific energy of combustion
of standard benzoic acid, 26413.6 J-g~! at 208.15 K which was derived from the relation:

Ac Ucert
M

ALU°
M

=204 Jg. (2.5)

The Washburn’s correction was calculated by the reported method [3] and both € and

f

€ were determined. Auxiliary data for the buoyancy correction and for the reduction to
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thermodynamic standard states are given in Table 2.1. The amount of nitric acid, which
is formed by oxidation of nitrogen impurity contained in the oxygen gas, was determined
by measuring the absorbance of the 202 nm band due to NOj ion.

The correction factor f was calculated by equation (2.4) and used to calculate the energy

equivalent of empty calorimeter €°.
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2.4 Testing of the calorimeter

The calorimeter was tested by using salicylic acid in the crystalline state as a test ma-
terial. Salicylic acid (Wako Pure Chemical Industries, Ltd.) was recrystallized four times
from distilled water, ground to powder in an agate mortar, and sublimed in vacuo at 80 C.

In this series, seven sets of calibration experiments were carried out. Derived values of
the correction factor f to observed electric energy are 1.00016, 1.00019, 0.99957, 1.00010,
1.00100, 1.00005, and 1.00016 in the order of the experiment number. The mean and
standard deviation of the mean is (1.00020 % 0.00023).

Results of the calibration experiment by the first and second modes are presented in
Table 2.2 (p. 26) and Table 2.3 (p. 27), respectively, and derived energy equivalents are
compared in Table 2.4 (p. 27) between both modes. Mean and standard deviation of mean
for the experiments in the first mode is (1371.78 % 0.29) J-K~!, while the corresponding
values for the second mode is (1371.84 &+ 0.25) J.K™1,

Auxiliary data for salicylic acid are given in Table 2.1 (p. 23). In this series, six com-
bustion experiments were conducted. Results of the combustion experiments are given in
Table 2.5 (p. 28). Mean and standard deviation of mean of standard molar enthalpy of
combustion is —(3023.67 % 0.28) kJ-mol~! . Derived standard molar enthalpies of com-
bustion and of formation are presented and compared with reported data in Table 2.6

(p. 30). The present value agrees with most of the reported values at least within the sum

of uncertainties.

2.5 Performance of the new calorimeter
The obtained temperature data of the initial and final periods are fitted to the function:
T=Ts— (Too —To)exp{—k (t —1p)} (2.6)

where T, is the convergence temperature, ty and T is the time and temperature at the
beginning of the initial or final period, and k is the cooling constant of Newton’s law. In

Figure 2.4 of page 29, the scatter of temperature data from the fitted curves for the initial
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Table 2.2: Results of calibration for salicylic acid with benzoic acid before electric energy
correction

Exp. No. 1 2 3 4

mp/mg 20.1102 19.3655 19.4021  20.4056
m(fuse) /mg 0.1730  0.2043  0.1778  0.1602
n(HNOj3)/pmol  0.760 0.437 0.760 1.340
el/J.K-1 0.358 0.357 0.357 0.358
ef/J K1 0.381 0.379 0.379 0.381
Ti/ C 24.57855 24.57903 24.57789 24.57933
T:/ C 25.08079 25.07095 25.06989 25.08724
AT./mK 61.11 64.28 63.52 60.32
- AT,/mK 441.13  427.64 42849  447.60
Eign/J 0.120 0.116 0.117 0.111
Ea/J 65.200  65.391  66.304  67.637
~Arpp U/J 539.643 521.387 521.146 546.894
AU(HNO3)/J 0.045 0.026 0.045 0.080
~mgAcu/] 531.183 511.513 512.479 538.935

e(comb)/J-K-! 1371.03 1372.05 1370.91 1372.85

Exp. No. 5 6 7

mp/mg 18.2461 20.6356  20.1853
m(fuse)/mg 0.2750  0.1670  0.0914
n(HNO;)/umol  2.173 1.078 0.998
¢/JK! 0.356 0.358 0.358
ef/J. K1 0.376 0.382 0.381
T/ °C 24.58101 24.57913 24.57853
Tt/ <C 25.05954 25.09176 25.08167
AT./mK 68.01 59.17 61.22
AT,e/mK 495.17 45345  441.92
Eign/J 0.132 0.129 0.112
Ea/J 68.262  68.841  68.087
~App U/J 495.173  553.274  537.863
AU(HNO3)/J 0.130 0.064 0.060
—mgAcu/] 481.945 545.060 533.166

e>(comb)/J-K-! 1372.67 1371.88  1371.07

mp: Mass of benzoic acid. m(fuse): Mass of polyethylene fuse. n(HNO;3): Amount of HNO3
¢': Energy equivalent of the bomb contents in the initial state. €f: Energy equivalent of the bomb
contents in the final state. 7Ti: Initial temperature of the reaction period. T¢: Final temperature
_ of the reaction period. A T,: Correction to the temperature rise. A T,q: Adiabatic temperature
rise. Fign: Ignition energy. Ee: Electric energy to the internal microheater. IBP: Isothermal bomb
process. A U(HNO3): Energy change associated with the formation of HNO3. A Ug: Standard-state
correction. €°: Energy equivalent of the standard calorimetric system (without the contents).
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Table 2.3: Results of calibration for salicylic acid with the internal microheater before
electric energy correction

Exp. No. 1 2 3 4
/I K1 0.381 0.379 0.379 0.381
Ti/ «C 24.57916 24.57915 24.57903 24.57233
Ty/ C 25.08719 25.08062 25.08449 25.08597
AT./mK 64.45 65.93 64.99 57.02
ATa/mK 443.57 43554 44047  456.62
Eq/J 608.238 597.648 604.252 626.998

e(el)/J-K-! 1370.85 1371.84 137146 1372.75

Exp. No. 5 6 7
€“/J.K~! 0.376 0.382 0.381
Ti/ <C 24.57956 24.57798 24.57982
Ti/ C 25.09707 25.09328 25.08763
AT./mK 62.51 61.99 65.00
ATy /mK 455.00  453.30 442.80
Eq/J 624.116  622.035 607.204

e’(el)/J-K~! 137129 1371.84 1370.90

€©: Energy equivalent of the bomb contents. 7;: Initial temperature of the reaction period. T: Fi-
nal temperature of the reaction period. A T¢: Correction to the temperature rise. A Thq: Adiabatic
temperature rise. E: Electric energy to the internal microheater. €°(el): Energy equivalent of the
standard calorimetric system (without the contents).

Table 2.4: Corrected energy equivalents -

Exp. No. 1 2 3 4 5 6 7
€°(comb)/J-K-! 1371.06 1372.08 1370.94 1372.88 1372.51 1371.91 1371.10
€°(el)/J-K! 1371.13 1372.12 1371.74 1373.03 1371.57 1372.12 1371.18
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Table 2.5: Results of combustion calorimetry of salicylic acid

Exp. No. 1 2 3 4 5 6
m(compd.)/mg 23.6306 23.2181 23.4086 23.7677 24.0920 23.3705
m(fuse)/mg 0.2005 0.1560 0.1586 0.1859 0.2165 0.1010
n(HNO,3) /pmol 0.810 0.728 0.460 0.757 0.907 0.684
e'/J. K1 0.367 0.367 0.367 0.367 0.368 0.367
ef/J.K! 0.384 0.383 0.384 0.385 0.385 0.383
Ti/ C 24.57958 24.58013 24.57960 24.57954 24.58088 24.58051
T:/ C 25.07599 25.07064 25.07160 25.07990 25.08513 25.07105
AT./mK 62.48 64.32 64.42 62.61 62.84 64.66
AT,/mK 433.93 426.20  427.57  437.74 441.40 425.87
Eign/J 0.111 0.121 0.121 0.151 0.151 0.128
Ey/) 68.177 68.597  66.245 71.199 67.720 67.342
—Ap U/J 527.129  516.091  520.327 529.297 537.795 516.891
AUHNOs)/J 0.048 0.043 0.027 0.045 0.054 0.041
AUs/] 0.456 0.447 0.451 0.459 0.466 0.449
-A.u’(c)/J gt 21892.8 21895.7 21893.9 21886.2 21884.8 21896.2

-A U°(c)/kJ-mol~! 3023.84 3024.24 3023.98 3022.92 3022.73 3024.30

m(compd.): Sample mass. m(fuse): Mass of polyethylene fuse. n(HNO3): Amount of HNOj €': En-
ergy equivalent of the bomb contents in the Initial state. €': Energy equivalent of the bomb
contents in the final state. Tj: Initial temperature of the reaction period. T: Final temperature of
the reaction period. A T.: Correction to the temperature rise. A T,q: Adiabatic temperature rise.
FEign: Ignition energy. E: Electric energy to the internal microheater. IBP: Isothermal bomb pro-
cess. AU(HNO;z): Energy change associated with the formation of HNO3. AUy: Standard-state

correction. Acu°(c): Standard specific energy of combustion. A;U°(c): Standard molar energy of
combustion.
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Figure 2.4: Scatter of the temperature data from smoothed curves
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Table 2.6: Standard thermodynamic quantities of salicylic acid. Comparison with reported
values.

Reference —Acu’(c) —ArH®(c)
The present work 21891.6£5.1 588.4+1.7
Diogo et al.ll"] 2189544  587.8+1.5
Beckers 1231 145] 2188745  588.941.5
KefHler (23] [46] 21881+4  589.9+1.0

Stiehler et al. (23] 7] 21880+4  589.9+1.0
Milone et al, 1231 [48] 21846+10 594.542.9
Badoche 23 149] 21886+10 589.14+3.0
Sabbah et al. [15b] 21908+7  586.1+1.9

The uncertainties for A u°® and AfH° are the standard devia-
tion of the mean and twice the standard deviation of the mean,
respectively.

and final periods is shown. Most of the scattered data is within +50 4K and 25 uK for
initial and final periods, respectively.

In Figure 2.5 (p. 31), the potential difference across the microheater plus lead wires, the
current flowing through it, and the electric power and resistance derived from these are

plotted against time for an experiment of calibration of electric energy.

The electric potential and current for the ignition circuit measured by the oscilloscope
are shown in Figure 2.6(a) (p. 32), and the electric power and resistance are shown in
Figure 2.6(b).

Simultaneous measurement of both potential difference and current enables us to deter-
mine the temperature change of the microheater. In Figure 2.7 (p. 33), the variation of
the resitance of the microheater plus lead wires with time is shown for the combustion of
a polyethylene pellet either with or without electric power supply of a proper magnitude
to the microheater. In the case of the experiment without the power supply, an electric
current of 10 mA was used to detect the resistance change, while in the case of experiment
with the power supply, the same intensity (10 mA) of electric current was used before and
after the proper power supply. Decrease in the rate of temperature change after the highest

temperature detected is clearly observed.
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Figure 2.5: Electric potential, current, resistance and power for microheater for a calibra-

tion experiment of electric energy
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Figure 2.7: Resistance of microheater during combustion — how microheater works
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Figure 2.8: Resistance of microheater during combustion — sample dependency
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In Figure 2.8 (p. 34), the variations of the resistance of the microheater with time in
the actual calorimetric measurements are compared between more and less readily com-
bustible substances (benzoic acid and coronene, respectively). For less readily combustible
compounds, longer time was required for combustion and hence, in some cases the length

of power supply should be extended.
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Figure 2.9: Calculated adiabatic temperature rise as a function of reaction period

The lengths of the initial and final periods are fixed to 30 min.

In Figure 2.9, the adiabatic temperature rise is shown as a function of the length of
the reaction period. For the length of reaction period longer than 25 min, the adaibatic
temperature rise is constant within £0.005 %. The choice of 30 min for the usual length of
reaction period is based on this result. In the present bomb, a larger amount of thermal

insulator materials is used as compared with ordinary combustion calorimeters. It should,
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therefore, be considered quite fortunate that a reaction period of 30 min length is sufficient

for becoming thermally stationary after a combustion or electrical heating.



Chapter 3

Combustion Calorimetry of Cgy and
Cro *

3.1 Introduction

To evaluate the energetic stability of fullerenes, the determination of standard enthalpy of
formation by oxygen bomb combustion calorimetry is one of the sophisticated methods.
However, partly because of the difficulties in obtaining a large amount of pure fullerenes and
in realizing complete combustion, few calorimetric studies have been reported. Recently,
the author constructed an isoperibol micro-bomb combustion calorimeter with a miniature
combustion bomb of novel design which requires only 10~20 mg of a sample per combustion.
In the present work, combustion calorimetry on Cgy and Cyy was accomplished by use of
this calorimeter and the standard enthalpies of formation, which is a measure of relative
stabilities with reference to graphite, were determined. For Cy, this is the first experimental

determination of the formation enthalpy.

3.2 Experimental

Sample

The samples of Cgp and Cqq were supplied by Prof. T. Atake at Tokyo Institute of Tech-
nology [22] and used in this study without further purification. By mass spectroscopic

analysis, other fullerene species were detected in a barely recognizable amount in the Cgo

*The main part of this chapter was published in Kiyobayashi, T. ; Sakiyama, M. Full. Sci. Technol.
1993, 1, 269—2’?3.

37
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Figure 3.1: Cﬁo and C70

sample, while Cgp was found to be present in the Cyo sample by 7 wt% (s. Fig 3.2). 'H NMR
analysis showed that both the Cgg and Cyp samples were contaminated with 0.26 wt% of

benzene.

Calibration of Calorimeter

The energy equivalent of the empty calorimeter and a correction factor f for the measured
electric energy supplied to the internal microheater were determined by burning thermo-
chemical standard benzoic acid (NIST SRM 39i; A ticers = —26434 J-g~! ) under certificate
conditions. Electric energy for the ignition was measured separately. The mean and stan-
dard deviation of the mean of the observed energy equivalents was (1374.68 & 0.16) J-K~!
from five calibration runs (s. Table 3.1). The correction factor f for the measured electric

energy was determined to be (1.00052 £ 0.00030).

Combustion Calorimetry

Table 3.2 shows the results of combustion calorimetry on Cgy and Cz. The samples were
formed into pellets and ignited under the oxygen pressure of 3.04 MPa in the presence of
24 mg of water in the combustion bomb with an internal volume of 9 cm®. To the internal

microheater, electric energies of 100 J and 200 J were supplied in the case of Cgp and Cro,
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Figure 3.2: Mass spectra of (a):Cgo and (b):Cro.
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Table 3.1: Results of calibration for Cgy and Cop with benzoic acid

Exp. No. 1 2 3 4 5
mp/mg 20.1716  20.0676 18.4393 20.8690 21.3098
m(fuse)/mg 0.1122 0.1031 0.1144 0.1177 0.1430
n(HNO3)/pmol  0.601 0.384 0.722 0.864 0.515
el/J. K1 0.358 0.357 0.356 0.358 0.359
ef/J K1 0.381 0.380 0.377 0.382 0.383
T/ C 24.58144 24.58126 24.58618 24.58629 24.58470
Ty/ <C 25.10701 25.10569 25.08940 25.12834 25.13363
AT./mK 58.90 59.65 67.64 59.87 56.86
ATyy/mK 466.67 464.78  435.584 482.174  492.067
Eign/J 0.071 0.103 0.051 0.092 0.109
FEa/J 103.266  103.713 106.340 105.561  106.450
-ApU/J 538.445 535260 492.758 557.152  569.956

AU(HNOs)/J 0036 0023 0043  0.052  0.031

-mgAcu/]
e/J K1

532.805 530.056 487.049 551.225 562.869
1374.87 1374.64 1375.15 1374.25 1374.48

mp: Mass of benzoic acid. m(fuse): Mass of polyethylene fuse. n(HNO3): Amount of HNO3 ¢: Energy
equivalent of the bomb contents in the initial state. €: Energy equivalent of the bomb contents in the:
final state. 7;: Initial temperature of the reaction period. T;: Final temperature of the reaction period.
AT,: Correction to the temperature rise. AT,q: Adiabatic temperature rise. Fig,: Ignition energy.
Eq: Electric energy to the internal microheater. IBP: Isothermal bomb process. A U(HNOj3): Energy
change associated with the formation of HNO3. AUs: Standard-state correction. €°: Energy equivalent
of the standard calorimetric system (without the contents).
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respectively. No carbon soot was detected by visual observation of the crucible and no
carbon monoxide was detected in the bomb gas after the experiment. A small amount of
nitric acid, which was formed by oxidation of nitrogen contained in the oxygen gas as an
impurity, was detected in the bomb solution after combustion experiments. However, the
energy of formation of the nitric acid was found to give no significant effect to the energy
of combustion. The density and specific heat capacity, used for the correction of weighing
in air to masses and the reduction of experimental results to the standard state values,
were taken to be 1.67 g-cm™2 and 0.765 J-K~'g~! respectively, for both Cgy and Crg [25].
Standard specific energy of combustion of polyethylene used as a fuse was —46305 J.g7! .

The effect of the benzene contamination was corrected by using a reported data (23] ;
A u°(benzene)/J.g~1 = —41830. For Cyp, the contribution to the combustion energy from

Ceo was taken into account.

3.3 Results and Discussion

Derived results are as follows: —A.u°(c)/J-g~! = 35907.7, 35919.3, 35919.8, 35908.6, and

35928.1 for Cg and 35593.9, 35573.2, and 35572.3 for Cry. The mean and standard devia-

tion of the mean are (35916.7 + 3.8) and (35579.8 & 7.1) for Cgy and Cqg, respectively.
Standard thermodynamic quantities of Cgy and Cy are shown in Table 3.3. The values

of A.U°(s) and AgH(s) in Table 3.3 refer to the following reactions, respectively.

Cn(c) + n02(g) — nCOx(g)
nC(graphite) — C,(c)

In calculating the AgH® values, the CODATA recommended standard enthalpy of formation
for COy(g), —(393.51 4 0.13) kJ-mol~! | was used [4]. Uncertainties given in Table 3.3 are
twice the final overall standard deviations of the mean.

The derived result for Cgq is compared with the reported values in Table 3.4. The present
value agrees with that obtained by Beckhaus et al. [24] and Diogo et al. [36].

Comparison of A¢H°(C,, s)/n, which is the standard enthalpy of formation reduced to
12.011 g of carbon, between Cgy and Crg shows that Cry(s) is significantly more stable than

Cso (S) .
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Table 3.2: Results of combustion calorimetry of Cgg and Crg

— Ceo —
Exp. No. 1 2 3 4 5
m(compd.)/mg 12.9654 13.4512 14.0371 12.4867 14.6049
m(fuse) /mg 0.1268  0.2006  0.1859  0.1817  0.1688
n(HNQ;)/pmol 0.784 0.643 0.743 0.963 0.784
e/JK! 0.343 0.344 0.344 0.343 0.345
/I K1 0.345 0.345 0.346 0.344 0.346
T/ «C 24.58607 24.58477 24.58561 24.58538 24.58557
Ti/ <C 25.07176 25.08398 25.09802 25.06240 25.10778
AT./mK 72.34 68.37 67.18 73.21 63.44
AT,g/mK 413.35 430.83 445.23 403.81 458.76
Eign/J 0.102 0.082 0.133 0.134 0.125
Ea/J 99.551 99.227  98.565  97.690 97.423
~Awp U/J 468.712  493.099 513.506 457.418 533.262
AUHNO;)/J 0.047 0.038 0.044 0.057 0.047
AUs/J 0.387 0.407 0.426 0.376 0.445
-Acu’(c)/Jg™? 35907.7 35919.3 35919.8 35908.6 35928.1
-A.U°(c)/kJ-mol~! 25877.3 25885.6 25886.0 25877.9 25892.0
— Cpp —

Exp. No. 1 2 3

m(compd.)/mg 11.3888 12.4133  8.8377

m(fuse)/mg 0.2142  0.2085  0.1374

n(HNOj3)/pmol 0.474 0.962 0.884

e/J. K1 0.342 0.343 0.340

ef/J.K! 0.344 0.344 0.341

Ti/ C 24.58877 24.58769 24.58884

Ti/ °C 25.10269 25.12159 25.04664

AT./mK 69.06 63.52 80.86

ATa/mK 444.87 470.38 376.93

Eign/J 0.104 0.095 0.120

Ea/J 195.496 194.527 196.761

-Ap U/ 416.100 452.167  321.409

AUHNO;)/J 0.028 0.057 0.053

AUs/] 0.341 0.374 0.260

-Acu°(c)/J-g7! 35593.9 35573.2 35572.3

A U°(c)/kJ-mol~! 29926.3 29908.9 29908.1

m{compd.): Sample mass.

m(fuse): Mass of polyethylene fuse. AT,4: Adiabatic temperature rise.

Eign: Ignition energy. Eg: Electric energy to the internal microheater. IBP: Isothermal bomb process.
Acu°(c): Standard specific energy of combustion. A, U°(c): Standard molar energy of combustion.
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Table 3.3: Standard thermodynamic quantities of Cgp and Cyg at 298.15 K

Ceo Cro
Acul(c)=Ah°(c)/J-g ! —35917£18 —35580420
A U°(c)=AH°(c)/kJ-mol~! —258844+13 —29914+16
A;H®(c)/kJ-mol 1 2273+15 236918

(AtH°(c)/n)/kImol(C)~!  37.89+0.25 33.84+0.26

Table 3.4: Comparison of the results of this work for Cgp with reported values.

Ac.u®(c)/J-gt AgH°(c)/kJ-mol™?

This work —35917£18 2273115
Kolesov et al. [50] —36030+16 2355415
Beckhaus et al. [35] —3599022 2327+17
Diogo et al. [36] —35023+17 227814
Beckhaus et al. [24] —35929.545.7 2282.5+8.8
Steele et al. [25] —36123.7+9.7 2422+10

In the present study, correction was made for the contribution of impurities. However, it
is more desirable measure the samples of higher purity. The author wish to perform a new
series of measurements for highly purified samples and also for samples of other fullerenes.
The use of a small amount of samples, ca. 13 mg per combustion, is the merit of the present
method, and the method is convenient for samples of a limited quantity.

The author are sincerely grateful to Prof. Tooru Atake for a gift of Cgo and Cry.



Chapter 4

Combustion Calorlmetry of
Corannulene *

4.1 Introduction

The remarkable yield of fullerenes and carbon nanotubes in arc-discharge experiments
has raised fundamental questions about the stability of non-planar polycyclic aromatic
hydrocarbons (PAHs) and carbon sheets. Enthalpies of formation of such systems provide
the best quantitative measures of the thermodynamic stabilities they enjoy and the strains
from which they suffer; however, experimental data in this area remain sparse. Corannulene
[Figure 4.1], a bowl-shaped CgHj hydrocarbon, represents the minimal fragment of a
fullerene that retains the characteristic curvature. Herein we report our results from micro-
bomb combustion calorimetry on corannulene and the first experimentally-based enthalpy

of formation for this key compound.

4.2 Experimental

Sample

The original synthesis of corannulene, reported by Barth and Lawton in 1966 [26], gave
sufficient quantities of corannulene for X-ray analysis and for a variety of spectroscopic
studies but not enough for calorimetric research. Fortunately new synthetic strategies

have finally made corannulene available in significantly larger quantities [27]. For the

*The main pa.rt of this chapter was published in Kiyobayashi, T. ; Nagano, Y. ; Sakiyama, M. ;
Yamamoto, K. ; Cheng, P.-C. ; Scott, L. T. J. Am. Chem. Soc. 1995, 117 3270—3271
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Figure 4.1: Corannulene CgoHjg

work described here, corannulene was prepared by flash vacuum pyrolysis of 7,10-di(1-
chlorovinyl)ﬂuoranthenev [27d, 27e]. Material obtained in this manner, though pure by
'H NMR Spectroscopy, was shown by capillary GC/MS and analytical HPLC to contain
trace amounts of chlorocorannulene, a contaminant formed in the pyrolysis. Repeated

chromatography on silica gel and recrystallization ultimately gave pure corannulene.

Calibration of Calorimeter

The energy equivalent of the empty calorimeter and a correction factor f for the measured
electric energy supplied to the internal microheater were determined by burning 20 mg of
thermochemical standard benzoic acid (NIST SRM 39i; Acticery = —26434 J-g~! ) under
certificate conditions. The results of the calibration are given in Table 4.1. The mean and
standard deviation of the mean of the observed energy equivalents was (1378.94 £ 0.27)

J-K~! from six calibration runs. The correction factor f for the measured electric energy
was determined to be (0.99897 -+ 0.00017).
Combustion Calorimetry of Corannulene

The corannulene sample was formed into ca. 14 mg pellets for each combustion and burned

under an oxygen pressure of 3.04 MPa in the presence of 24 mg of water in the micro-bomb.
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Table 4.1: Results of calibration for corannulene with benzoic acid

Exp. No. 1 2 3 4 5

mp/mg 19.9072 20.1388 20.6387 19.1123 19.8121
m(fuse) /mg 0.1166  0.2144  0.1594  0.2306  0.1410
n(HNOg)/pmol  1.496 0.882 0.701 1.044 0.924
e/J.K1 0.357 0.358 0.358 0.357 0.357
ef/JK! 0.380 0.381 0.382 0.378 0.380
Ti/ C 24.59289 24.59428 24.59230 24.59279 24.59411
T;/ C 25.11749 25.12463 25.12830 25.10726 25.11837
AT./mK 70.68 70.72 68.46 72.91 72.07
ATa/mK 453.927 459.636 467.545 441.555 452.194
Eign/J 0.094 0.090 0.111 0.136 0.173
Eq/J 03.626  91.582  92.104  92.628  92.877
~AppU/J 531.712 542.328 552.985 515.952  530.294
AU(HNO3)/J 0.089 0.053 0.042 0.062 0.055
-mgAcu/J 525.821 531.938 545.142 504.825  523.309
/3 K1 1377.47 1378.99 1379.61 1378.21 1378.13
Exp. No. 6 7 8 9 10

mp/mg 18.0191 20.5443 21.5059 10.0615 20.5325
m(fuse) /mg 0.1693  0.1541  0.1171  0.1372  0.1017
n(HNOQjz)/pmol  0.871 0.885 2.338 0.536 1.426
e/J. K1 0.355 . 0.358 0.359 0.346 0.358
ef/J. K1 0.376 0.382 0.384 0.357 0.381
Ti/ C 24.50117 24.59366 24.58739 24.58648 24.58633
T;/ °C 25.08418 25.12933 25.13016 24.95156 25.11387
AT./mK 75.76 69.00 60.53  100.34 63.64
AT./mK 417258 466.662 482.238 264.733  463.908
Eign/J 0.144 0.102 0.117 0.100 0.115
Ea/J 91.443 93410  90.940  92.816  91.828
~AppU/J 484.202  550.255 574.049 272.338  547.548
AU(HNOs)/J 0.052 0.053 0.140 0.032 0.085
~mgAcu/) 525.821  542.649 568.048 265.760  542.337
/I K1 1379.58 1379.15 1378.85 1379.36 1378.13

mp: Mass of benzoic acid: m(fuse): Mass of polyethylene fuse. n(HNO3): Amount of HNO3 €': Energy
equivalent of the bomb contents in the initial state. €': Energy equivalent of the bomb contents in the
final state. 7i: Initial temperature of the reaction period. T}: Final temperature of the reaction period.
AT.: Correction to the temperature rise. A T,q: Adiabatic temperature rise. Fign: Ignition energy.
Eq: Electric energy to the internal microheater. IBP: Isothermal bomb process. A U(HNOj3): Energy
change associated with the formation of HNO3. A Uy: Standard-state correction. €°: Energy equivalent
of the standard calorimetric system (without the contents).
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On each combustion run, 90 J of electric energy was supplied to the internal microheater
to achieve complete combustion. No carbon soot was detected by visual observation of the
crucible. No carbon monoxide was detected from the bomb gas after combustion. The
amount of nitric acid, which was formed by the oxidation of nitrogen impurity contained in
the oxygen gas, was determined by UV spectrometry of the bomb solution. The contribu-
tion of enthalpies of formation and solution of the nitric acid to the calorimetry were taken
into account. The density and spéciﬁc heat capacity of corannulene were taken to be 1.31
g-cm™3 from the crystal structure in ref [29] and 1.045 J-K~'g~! , respectively, for the buoy-
ancy correction and the reduction of the experimental results to the standard state values.
Standard specific energy of combustion, A.u°, of polyethylene fuse was —46305 J-g~! .
Results of six combustion runs are collected in Table 4.2. The mean value and standard

deviation of the mean are —38496.0 and 7.6 J g1, respectively.

4.3 Result

Standard thermodynamic quantities of corannulene are shown in Table 4.3. Reduction to
standard state was carried out by following the literature procedure [3]. The values of

A U°(c) and AgH®(c) refer to the following reactions, respectively.

Conlo(C) + 22.50, (g) —_ 20002(g) + 5H20(l)
20C(graph1te) + 5H2 (g) — Cgon(C)

For calculation of AgH°(c) value, the CODATA recommended standard formation enthalpy
of COz(g) —(393.51 & 0.13) kJ-mol~! and of HO(g) —(285.830 + 0.042) kJ.-mol~! were
used [4]. Uncertainties are twice the final overall standard deviation of the mean according
to the rule of error propagation.

In order to obtain the formation enthalpy in the gaseous state, we must determine the
sublimation enthalpy. So far, no experimental value of the sublimation enthalpy of corannu-
lene has been available. In Table 4.3, we show the sublimation enthalpy estimated by using
an empirical non bonded atom-atom potential proposed by Williams [28b] on the basis of

crystal structure determined by X-ray diffraction [29]. We also estimated the contribution
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Table 4.2: Results of combustion calorimetry of corannulene

Exp. No. 1 2 3 4 5 6
m(compd.)/mg 15.3160 12.6067 13.7959 12.1777 11.4265 6.7699
m(fuse)/mg 0.1201  0.1805  0.1902  0.1596 0.1308 0.1601
n(HNOj3) /pmol 0.903 1.285 0.502 0.890 0.833 0.528
e/J. K1 0.362 0.359 0.360 0.359 0.358 0.353
ef/J K1 0.378 0.372 0.375 0.372 0.370 0.360
Ti/ C 24.59462 24.59557 24.58974 24.59372 24.58794 24.58807
Tt/ <C 25.15225 25.09730 25.11128 25.08027 25.05376 24.95959
AT./mK 64.49 77.83 68.67 80.08 77.82 100.04
AT,a/mK 493.142  423.903 452.870 406.471 388.001 271.475
Eign/J 0.093 0.143 0.122 0.123 0.089 0.111
Ea/J 84.715  90.133  84.135  83.823 88.996 106.120
~Aggp U/J 595.384 494.413 540.389 476.700 446.022 268.168
AU(HNO3)/J 0.054 0.077 0.030 0.053 0.050 0.032
AUg/] 0.405 0.328 0.362 0.315 0.294 0.169
-Acu°(c)/Jg™? 38480.3 38523.2 38503.4 38508.2 38473.9 38487.1

-A.U°(c)/kJ-mol~!  9631.6 9642.3 9637.4 9638.6 9630.0 9633.3

m(compd.): Sample mass. m(fuse): Mass of polyethylene fuse. n(HNOj3): Amount of HNOj; ¢': Energy
equivalent of the bomb contents in the Initial state. €f: Energy equivalent of the bomb contents in the
final state. 7i: Initial temperature of the reaction period. Tt: Final temperature of the reaction period.
AT.: Correction to the temperature rise. A T,q: Adiabatic temperature rise. Eign: Ignition energy.
Eq: Electric energy to the internal microheater. IBP: Isothermal bomb process. A U(HNO3): Energy
change associated with the formation of HNO3. AUg: Standard-state correction. A.u°(c): Standard
specific energy of combustion. A U°(c): Standard molar energy of combustion.
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of dipole-dipole interaction to sublimation enthalpy with the dipole moment 2.433 Debye
calculated by MOPAC v.6.03 with the PM3 Hamiltonian (30, 31]. Although this magnitude
of dipole moment seems to be over-estimated, its contribution was found to be less than
1 kJ-mol~! and was safely ignored. Interestingly, the sublimation enthalpy of corannulene
estimated by the Williams empirical potentials agrees well with a simple empirical equation
for planar PAH, Agy, H°/kJ-mol~! = 6.28n + RT, where n is the number of carbon atoms

per molecule [33].

Table 4.3: Standard thermodynamic quantities of corannulene at 298.15K.

Acu®(c)/J-g™1 —38496+22
A U°(c)/kJ-mol™!  —9635.54+5.4
AHo(c)/kJmol~!  —9641.745.4
A¢H°(c)/kJ-mol ! 342.31+5.6
AgupH°(c)/kJ-mol ! 121.4*
A¢H°(g)/kJ-mol~? 463.7
* Estimated by empirical atom-atom potential in ref [28b] with crystal structure in ref [29].

4.4 Experimental and Theoretical A;H®

In Table 4.4 we show the comparisons among the formation enthalpies of corannulene,
Ceo and Cqo derived by experiments and by various theoretical methods. As a general
observation, ab initio methods with large scale basis séts, such as 6-31G*, and molecular
mechanics provide better results for these non-planar systems than do the semi-empirical
methods. The latter should improve in the next round of refinements, however, now that
experimental data on a key nonplanar polycyclic aromatic hydrocarbon have finally become
available. Amazingly, the simple additivity scheme developed by Armitage and Bird [37]

successfully predicts the formation enthalpy of corannulene to within 1%.
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Table 4.4: Comparison of formation enthalpy by exberiments and theoretical calculations
in kJ-mol~! . Bold-face values are experimental.

CaoHyo Ceo Cro
235511550
2327+171%]1 255541 235]
A¢HC(c) 2278414150
242241425
342.3+5.6> 2273+15*  2369+18°
A H° 121.4° 228.74+7.3° 266.87
AtH°(g,exp) 463.7° 2501+£17° 2536°

6-31G* 490.4!38a] 2811.6580]
3-21G 504.2[382]
STO-3G  516.3 [38]

PM3 584569 339607 369957
AsH°(gcalc)  AMI 655.0° 4072140 44851401
MNDO 561.82 36401411 3954411
MM2 460.71%1 217543 2438153
MM3 503.542] 2401144l
additivity  459.687 265387] 271487

& The present work.
b Estimated by empirical atom-atom potential in ref [28b] with crystal structure in ref [29].
¢ Determined by Diogo et al (ref [36]) with some experimental values cited therein.

d Assumed to be (70/60)-AgubH® (Ceo).

¢ Used the values of AsH°(c) in the fourth row of the table.



Chapter 5

Combustion Calorimetry of
Coronene

5.1 Introduction

The thermodynamic properties of polycyclic benzenoid aromatic hydrocarbons (PBAHs)
have been of great interest for ages to further the studies of petroleum processing, carcino-
genic substances, and intersteller materials. The formation enthalpy not only provides one
of those key values but bestows concrete physical meanings on the concepts aromaticity,
resonance energy, etc. Here, the first combustion calerimetry of coronene (Figure 5.1), the
largest PBAH ever measured, is presented. As described in the discussion of this chap-
ter, the existence of six pericondensed carbons in coronene offers a critical test of several

theoretical methods for their abilities to predict formation enthalpies for PBAHs.

The ratios of carbon and hydrogen atoms, ,%ﬁ, of all the PBAHs for which the formation
enthalpies have been measured are less than 2. These hydrocarbons are in the “most
reactive” region of Dias’s periodic table of hydrocarbons [78]. The ratio for coronene is 2
which comes down to the border line between “most reactive” and “intermediate reactive”
regions. Thus coronene must be prone to incomplete combustion. The internal microheater

of our combustion bomb brings into full play.

53
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Q0
Lo

(1)
Figure 5.1: Coronene Cy4H;2

5.2 Experimental

Sample Preparation

Two bottles of coronene sample were purchased from Tokyo Kasei Kogyo Co., Ltd. and
Aldrich Chemical Co., Inc. The Aldrich’s sample had been sublimed. Both samples were
first analyzed by 'H-NMR. Several tiny extra signals were observed around 8.2 ppm char-
acteristic of condensed aromatic hydrocarbons (s. Figure 5.2) in both samples. Then the
samples were analyzed by the reverse-phase HPLC (s. Figure 5.3(a)). As shown in the
figure, three prominent peaks are observed around the retention times around 7.5, 10.5
and 14.5 min, respectively. The largest peak around 10.5 min is apparently of coronene.
The other two peaks are concluded as due to impurities. If we assume the molar ab-
sorbance of impurities are as the same as that of coronene, the peak areas corresponds to
about a few percent of impurities. The LC-MASS spectroscopy (liquid chromatography
and mass spectroscopy in tandem) revealed that the 7.5-min peak was of the molecular
weight of 276. The 14.5-min peak was not identified. Taking the NMR signals into ac-
count, one can infer the impurity of molecular weight 276 to be benzo[ghi]perylene (2)
and/or dibenzo[def, mnolchrysene (3) (s. Figure 5.4 in page 57). If this is actually the case,
the purchased samples are likely to have been obtained from petroleum by the rectifica-
tion. Since the sublimation in vacuo did not reduce the impurity, the crude sample was
recrystallized five times from toluene, chromatographed over silica gel, ground to powder
in an agate mortar, and dried in vacuo at 100°C for two hours. The H-NMR signals of
the purified coronene showed that the impurities were reduced to less than 0.3%. The

chromatogram of coronene after purification is shown in Figure 5.3(b). The calorimetric
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Figure 5.2: 'H-NMR signals of the crude coronene sample.
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(a): before purification. (b): after purification. Column: YMC J’sphere ODS-L80
(150x46mmg). Eluent: CH3CN:H,O = 65:35. Flow rate: 2ml-min~1. UV
detector: 284nm.

Figure 5.3: Reverse-phase liquid chromatogram of coronene
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Figure 5.4: Candidates of CyoHy, impurities in coronene

sample was formed into pellets with a diameter of 5mm.

Calibration of the Calorimeter

The energy equivalent of the empty calorimeter and the correction factor f for the electric
energy for the internal microheater were determined by burning 20mg of thermochemical
standard benzoic acid (NIST SRM 39i; Acticers = —26434 J-g~! ) under certificate condi-
tions. The results of seven calibration runs is shown in Table 5.1. The mean and standard
deviation of the observed eﬁergy equivalents €® was (1372.70 £ 0.27) J-K~1. The correction
factor f was determined to be (1.00149 = 0.00040).

Combustion Calorimetry of Coronene

The coronene sample was burned under an oxygen pressure of 3.04 MPa in the presence of
24 mg of water in the microbomb. The heating period for the internal microheater was 19s.
No carbon soot was detected by visual observation of the crucible. No carbon monoxide
was detected from the bomb gas after combustion. The amount of nitric acid, which was
formed by the oxidation of nitrogen impurity contained in the oxygen gas, was determined
by UV spectrometry of the bomb solution. The contribution of enthalpies of formation
and solution of the nitric acid to the calorimetry were taken into account. The density and
specific heat capacity of coronene were taken to be 1.39 g.cm™2 from the crystal structure
in ref. [52] and 1.045 J.-K~'g~! in ref. [51], respectively. These values were used for the
buoyancy corfection and the reduction of the experimental results to the standard state

values. The results of each combustion run are shown in Table 5.2.
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Table 5.1: Results of calibration for coronene with benzoic acid

Exp. No. 1 2 3 4
mg/mg 19.7364 19.7205 17.8051  19.6853
m(fuse) /mg 0.2302 0.1830 0.1826 0.1637
n{HNQ3)/pumol  1.226 1.011 0.928 0.652
e/JK?! 0.357 0.357 0.355 0.357
ef/J- K1 0.380 . 0.380 0.375 0.380
Ti/ C 24.57940 24.57976 24.57963 24.57922
T/ <C 25.07810 25.07646 25.04635 25.07528
AT./mK 63.12 63.26 69.72 63.78
AToa/mK 435.58  433.43 396.99 432.28
Eign/J 0.146 0.097 0.121 0.119
Ea/J 65.884  65.193  65.408 65.380
-App U/J 532.443  529.823 479.164  527.978
AU(HNO3)/J 0.073 0.060 0.055 0.039
-mpAcu/l 521.309  520.889 470.297  519.960
e/J-K1 1373.59 1372.67 1371.69 1372.56

Exp. No. 5 6 7

mg/mg 20.6351  20.3479 19.7736

m(fuse) /mg 0.1896 0.2258 0.2073

n(HNQO3)/pmol  0.928 0.802 0.950

e/J. K1 0.358 0.358 0.357

ef/J. K1 0.382 0.381 0.380

Ti/ C 24.57815 24.57889 24.57898

T/ °C 25.08913 25.08588 25.07677

AT./mK 59.45 60.44 62.79

AT,q/mK 451.53  446.55  435.00

Eign/J 0.130 0.161 0.086

Ea/J 65.525 65.021 64.583

-Ampp U/J 554.303 548.379  532.349

AU(HNO3)/J 0.055 0.048 0.057

-mpQAcu/l . 545.047  537.461  522.292

e/J- K1 1372.64 1373.64 1372.09

mp: Mass of benzoic acid. m(fuse): Mass of polyethylene fuse. n(HNO3): Amount of HNO; €': Energy

- equivalent of the bomb contents in the initial state. €': Energy equivalent of the bomb contents in the
final state. Ti: Initial temperature of the reaction period. Tt: Final temperature of the reaction period.
AT Correction to the temperature rise. A T,q: Adiabatic temperature rise. Fign: Ignition energy.
E,: Electric energy to the internal microheater. IBP: Isothermal bomb process. A U(HNOj3): Energy
change associated with the formation of HNO3;. AUg: Standard-state correction. €°: Energy equivalent
of the standard calorimetric system (without the contents).
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Table 5.2: Results of combustion calorimetry of coronene

Exp. No. 1 4
m(compd.)/mg 11.0401  14.8522 14.7080 13.8926
m(fuse)/mg 0.2998 0.2761 0.1762 0.2083
n(HNQOj3)/pmol 1.513 0.893 0.397 0.770
e/J K1 0.345 0.349 0.349 0.348
ef/J.K! 0.357 0.365 0.364 0.363
T/ «C 24.57993 24.58043 24.57975 24.57983

T¢/ °C 25.01473 25.10525 25.09119 25.08074
AT./mK 77.03 57.52 60.01 62.28
AT,q/mK 357.77 46729  451.42  438.63
Eg/J 0.084 0.153 0.096 0.134
Eq/J 61.337  69.036 57.854  69.573
-Ap U/J 429.810 572.428 561.870 532.550
AU(HNO3)/J 0.090 0.053 0.024 0.046
AUg/] 0.282 0.389 0.383 0.360
-Acu(c)/J-g™? 37640.6 37651.1 37619.3 37609.9
—A.U°(c)/kJ-mol~! 11305.7 11308.8 11299.3 11296.5
Exp. No. 5 6 7
m(compd.)/mg 12.0583 17.6734  15.2305
m(fuse) /mg 0.1752 02315  0.2187
n(HNOQg)/pmol 0.342 0.884 2.030
e/J.K1 0.346 0.352 0.349
ef/JK! 0.359 0.371 0.360
Ti/ °C 24.57882 24.49820 24.57898
Ti/ °C 25.06343 25.09048 25.10310
AT, /mK 65.89 60.25 56.54
AT,/mK 418.72.  532.03  467.59
Eign/J 0.123 0.119 0.109
Ea/J 112.643  53.746  57.756
~Ap U/J 462.152  676.636  584.161
AU(HNO3)/J 0.020 0.053 0.121
AU/ 0.308 0.471 0.399
~Acu®(c)/J-g™! 376264 37649.4 37655.6
-A.U°(c)/kJ-mol~! 113014 11308.3 11310.2

59

m(compd.): Sample mass. m(fuse): Mass of polyethylene fuse. A T,q: Adiabatic temperature rise.
Eign: Ignition energy. FE,: Electric energy to the internal microheater. IBP: Isothermal bomb process.

Acu°(c): Standard specific energy of combustion. A;U°(c): Standard molar energy of combustion.
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5.3 Result and Discussion

The mean value and standard deviation of the specific energy of combustion Acﬁ°(c) was
—(37636.0 & 6.7) J.g~! . The standard thermodynamic quantities of coronene are shown
in Table 5.4. Reduction to standard state was carried out by following the literature proce-

dure [3]. The values of A, U°(c) and AgH®(c) refer to the following reactions, respectively:

024H12 (C) -+ 2702 (g) — 24002 (g) + 6H20(l)
24C(graphite) + 6H2 (g) — 024H12 (C)

For calculation of AfH®(c) value, the CODATA recommended standard formation enthalpy
of COz(g) —(393.51 % 0.13) kJ-mol~! and of H,O(g) —(285.830 £ 0.042) kJ-mol~! were
used [4]. Uncertainties are twice the final overall standard deviation of the mean according
to the rule of error propagation.

In Table 5.3, several sublimation enthalpies of coronene determined experimentally and
thoretically are shown. Discrepancies among them are considerable. But there is no un-
prejudiced way to pick out one and reject others. Thus, the average of these eight values

and twice the standard deviation, (142.9 £ 6.0) kJ-mol~! , was taken.

Table 5.3: Experimental and calculated sublimation enthalpies of coronene

References Agup H°/kJ-mol~*
Inokuchi [32]* 151.0
Wakayama et al. [34]* 1284
Murray et al. [74]* 135.9 £ 3.1
Hoyer et al. [75]* 146.8

I 149.8
Boyd et al. [76]" 1I 139.7

III 138.9

IV 152.3

*Experimental. YCalculation.

In Table 5.5, the present value of AgH°(coronene,g) is compared with those predicted
theoretically. Clearly, additivity methods without explicit consideration of resonance en-

ergy (A, C and D) fail to predict the formation enthalpy correctly. Although these three
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Table 5.4: Standard thermodynamic quantities of coronene at 298.15K.

Au()/Ig ! —37636+20
A U°(c)/kJ-mol~! —11304.316.1
AH°(c)/kJ-mol~! —11311.746.1
AfH°(c)/kJ-mol~!  152.5+6.9
AgupH°/kJ-mol ! 142.946.0
AcHO(g)/kJ-mol™!  295.449.1

methods have been devised exclusively for PBAHs and fairly successful in predicting the
formation enthalpies of catacondensed PBAHs, they all predict that coronene be less stable
than actually is. This implies that the pericondensation brings more stabilization than the
additivity of resonance energy is supposed and consequently that the resonance energy can-
not be expressed in additive terms. This had been noticed by Stein who argued thereafter
that the resonance energy of PBAH depends on its peripheral topology [53]. The Doro-
feeva’s simple group additivity scheme E is seemingly successful. However, the fatal flaw
of this method is that this scheme gives —2.710 kJ-mol~! for the formation enthalpy of a
single graphite sheet. This value is unacceptable: it should be a positive quantity. Disch’s
ab initio/group equivalents method with large basis sets is again successful in predicting
the formation enthalpy (s. Table 4.4 in Chapter 4). Although the simple additivity method
is not successful, the value of Herndon’s group additivity/resonance energy method (O),
for which the formation enthalpy of PBAH is expressed as a sum of additive group terms
and a resonance energy term, agrees well with the present result. However, as mentioned
in the next chapter, there is a flaw in the Kekulé structure count resonance energy used in

the Herndon’s method.
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Table 5.5: AsH®(g) of coronene: experimental and calculated values
Method A¢H°(g)/kJ-mol™?
The present work Experimental 295.4149.1
A Cox et al. [80] Bond Additivity® 355.6
B Herndon et al. [60a] Group Additivity+1n(SC)»/ 303.8
C Somayajulu et al. [79] Triatomic Additivity® 340.2
D Stein et al. [54b] Group Additivity 322.6
E  Dorofeeva et al. [77b] Group Additivity® 295.7
F STO-3G/rxn 11la’ 256.5
G 6-31G* /rxn I11ab 988.7
H STO-3G/rxn I11b° 2774
I Disch et al. [38d] 6-31G* /rxn 11Ib° 277.4
J STO-3G/Group Equivalents® 283.7
K 6-31G*/Group Equivalents® 283.7
L 6-31G*/Herndon Correction®? 313.1
M Molecular Mechanics 326.9
N Herndon et al. [59] Group Additivity+In(SC)f (MM)e 336.5
0] Group Additivity+In(SC)/ (exp)®* 307.9

%The heat of formation of coronene is not shown explicitly in the literature. Cal-
culated by the present author with the parameters given therein. *Derived by con-
sidering some homodesmic reactions of which reaction heats were determined by ab
initio calculation. See ref. [38d]. °Group equivalents were determined by fitting the
experimental heats of formation with ab initio molecular energies. “Calculated by
the empirical converting function of ab initio total energy into the heat of formation
proposed by Herndon [58]. ¢Group parameters and the coefficient of resonance en-
ergy were determined by fitting the result of molecular mechanics and experimental
values, respectively. /Structure count resonance energy.



Chapter 6

Energetics of Polycyclic Benzenoid
Aromatic Hydrocarbons (PBAHSs)

6.1 Introduction

In this chapter a group additivity (GA) scheme incorporating resonance energy is pro-
posed. GA scheme for PBAHs was originally proposed by Stein et al. [54] as an extension
of Benson group additivity scheme [55]. They introduced four group parameters to predict
the formation enthalpies, intrinsic entropies, and heat capacities of PBAHs. They assert
that the resonance energy is automatically included into each parameter. However, Hern-
don claimed that GA scheme for PBAHs would never be successful unless the resonance
energy is separately considered, because the resonance energy depends on the global struc-
ture of the molecule and is accordingly far from additive [60a, 59]. For instance, Stein’s
GA scheme gives the same formation enthalpies for dibenzo|de,mn]naphthacene (12) and
dibenzo|de, grjnaphthacene (13), and for perylene (9) and benzo[e]pyrene (10). In both

cases, the resonance energies are significantly different from each other.

The aim of this chapter is to show how the resonance energy can be properly incorporated
into the GA scheme, i.e. the molecular energy can be separated into additive component
and global component. Once GA scheme is improved in this way, the evaluated additive
bond energies and resonance energy provide the reference energy not only for planar PBAHs

but for non-planar hydrocarbons and carbon clusters discussed in the next chapter.
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6.2 Resonance Energy of PBAH

Resonance energy, which is an important quantity on “aromaticity”*, is defined as an extra
stability résulting from the m-electron delocalization due to any cyclic conjugation of the
molecule!. It was more than a quater century ago that Dewar and de Llano [90] defined
the resonaﬁce energy as the difference in the formation enthalpies of the actual molecule
and of the hypdthetical reference molecule which is composed of isolated localized single
and double bonds. This Dewar type resonance energy (DRE) is derived explicitly in the
unit of energy. An alternative résonance energy was proposed by Hess and Shaad [91] from
the theoretical point of view. In the wake of the failure of Hiickel’s delocalization energy
as a measure of resonance energy, Hess et al. classified the chemical bonds of the reference
structure into eight types and attributed an empirical value to each type of bonds. The
Hess-Shaad type resonance energy (HSRE) is defined as the differnece between the sum of
these reference energies and the Hiickel 7 energy of the actual molecule. HSRE is given in
the unit of B (the resonance integral of Hiickel method). A flaw of HSRE is that there is
not always a unique reference structure of a molecule. For example, two different reference
energies can be derived for naphthalene. |

Although both DRE and HSRE have been successfully applied to planar molecules, they
suffer from difficulty in defining an appropriate reference structure for non-planar or ionic
molecules. Several analytical resonance energy schemes have been proposed in order to
preclude the ambiguity in defining the reference structure and to avoid introduction of
empirical parameters: Topological Resonance Energy (TRE) by Aihara [64] and Gutman
et al. [66], Conjugate Circuit model by Randié [68], Kekulé structure count model based
on the valence-bond theory by Herndon et al. [61], and so forth (s. ref. [92]). Among these
resonance energies, TRE is mainly used throughout the following discussions. It is thus
relevant to introduce here how TRE is dgrived.

It is known that the coefficients of the Hiickel secular polynomial P(G, z) can be derived
with the aid of graph theory — the Sachs graph [67]. A set of Sachs graphs for a conjugated

*General discussion on the aromaticity concept is reviewed in refs. [92, 93, 94].
tA controversy on this point (i.e. “Is delocalization a driving force in chemistry?”) has been raised by

Hilberty et al. [89].
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Table 6.1: Experimental A;H°, A,H°, and TRE for PBAHs

Molecule Af H° ABH od Ncc gy TRE
/kJ-mol~? /18|
benzene(CgHg ) 82.7* 5525.3 6 6 0.273¢
naphthalene(CyoHs ) 150.6* 8760.1 11 8  0.389°
anthracene(C;4Hyp ) 221.6* 11991.8 16 10 0.475°
pyrene(CisHio ) 225.7* 13421.0 19 10 0.598°
naphthacene(C;3Hj2 ) 302.4* 152136 21 12 0.553¢
coronene(CygHys ) 295.4% 195206 30 12 0.947°

graphite sheet (per atom) 6.1° 7106 1.5 0 0.04687

°Ref.[23]. ®Chapter 5. °Ref.[95, 96]. As the formation enthalpy of bulk graphite is defined as
zero, this value corresponds to the sublimation enthalpy of infinite graphite sheet. For calculation
of A,H®°, CODATA recommended values of AsH°(C,g) and AsH°(H,g) were used [4]. °Ref.[64d]
fRef.[624]

molecule can be devided into two groups: the first group comprises the “circuits” — cyclic
graphs, the second group comprises all the other graphs. If both groups are considered,
the Hiickel secular polynomial P(G,z) is obtained. Whereas if only the second group
is taken into account, another polynomial R(G,z) is obtained. The meaning of R(G,z)
is unambiguous only for a monocyclic molecule. But Aihara and Gutman argued that
R(G, ) corresponds to the Hiickel secular polynomial of such a molecule as is obtained if
there were no cyclic conjugation while its topology is being kept. Let {z1,z2,...,2,} and
{zf,z8,...,2%} be the roots of P(G,z) = 0 and R(G,x) = 0, respectively. Thus TRE is

given by
occupied
TRE/|Bl= 3 (z:—g3). (6.1)
TRE is independent of the geometry of the molecule such as planar or non-planar but
depends only on its topology. Once the topology of a molecule is given, the definition of

equation (6.1) gives a unique value.

6.3 Additivity Scheme with Resonance Energy

In order to construct the GA scheme for PBAH, experimentally determined atomiza-

tion enthalpies of seven molecules were used (Table 6.1): benzene(4), naphthalene(5),
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anthracene(8), naphthacene(7), pyrene(8), coronene(11) and infinite graphite sheet!. Ta-
ble 6.1 also shows the numbers of CC bonds ngc and CH bonds ncg, and TREs. The
atorization enthalpies of these molecules were fitted by the multiple regression analysis to

the three-parameter function given in the equation (6.2).
AL H® = nccEcc+ ncuFcu + TRES (6.2)

Molecules which have hydrogen-hydrogen repulsions, such as perylene(9), were excluded
from the present analysis. In fact, perylene is not a planar molecule because of the
hydrogen-hydrogen repulsion [82, 83]. This steric term, which is not taken into account in
the present study, should be considered separately [60a, 59).

Notice that the present bond type GA scheme is readily transformed to an atom type
scheme by the equation

E(A) = Ecc + Ecn
3
EB) = E(C) = EECC
where group A is of a center to which one hydrogen and two peripheral carbons are bound,

group B is of a center to which two A-type and one interior carbons are bound, and group

C is of a center to which two B-type and one interior carbons are bound (see below).

The ignored difference between E(B) and E(C) is retrieved by the consideration of resonance

energy.

6.4 Evaluation and Discussion

The result of the analysis is shown in Table 6.2. In spite of the only three adjustable pa-

rameters, the GA scheme predicts the atomization enthalpies excellently well. Considering

tStrictly speaking, graphite is not hydrocarbon. It is considered as an infinitely large PBAH.
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Table 6.2: Experimental A, H°(expt) and GA predicted A, H°(GA) for PBAHs in kJ-mol~!

Molecule A Ho(expt) AJH(GA) _Kzgf’Hﬂ‘z’(‘fX))
benzene 5525.3 5524.1 +1.2
naphthalene 8760.1 8762.3 -2.2
anthracene 11991.8 11989.7 +2.1
pyrene 13421.0 13422.0 -1.0
naphthacene 15213.6 15214.1 —-0.5
coronene 19520.6 19520.2 +0.4
graphite sheet 710.6 710.8 —0.2

Ecc = 462.6 kJ-mol~! , Ecy = 441.6 kJ-mol~! , 8 = 362.2 kJ-mol™! ,
Standard error = 1.8 kJ-mol~}

the experimental error, it could not be better. Since the difference between the formation
enthalpy and atomization enthalpy is (constant)x (constant dependent on the molecule),
the GA scheme based on the formation enthalpy gives the same deviation from the ex-
perimental values. While Herndon used Kekulé structure count resonance energy in his
scheme [59], it was not used in the present analysis because, as Stein pointed out, different
procedures of extrapolation of structure count resonance energy to infinite size lead to dif-
ferent resonance enregies for graphite [53b]. In addition, whereas the multiple regression
analysis for the first six molecules with TRE gives a stndard error of 2.0 kJ-mol~! , a
similar analysis using the structure count resonance energy gives a larger standard error of
3.1 kJ-mol™!.

The resultant additive CC bond energy, 462.6 kJ-mol~! , includes localized m-bond energy
as well as o-bond energy. In the graphite limit, it corresponds to (2Ec_c+ Ec=c)/3, where
Ec_¢ and Eg=c are the reference energies of a single bond and a double bond in Dewar’s

resonance theory. Letting Ec_g/kJ-mol~! = 419.7 and Ec-c/kJ-mol~! = 534.3 [90c], one
gets

3

= 457.9kJ-mol !

which is close to the present CC bond energy. The present value of Hiickel resonance

integral, |8|/kJ-mol~! = 362.2, is also close to 343.5 kJ-mol~! , which was proposed by
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Table 6.3: Contributions of resonance energy to the atomization enthalpy and predicted
formation enthalpies in kJ-mol—!

E,(resonance) AH°
f

Molecule A,H°(GA) E;(resonance)* — (GA)
benzene 5524.1 98.9(1.79) 16.5 83.9
naphthalene 8762.3 140.9(1.61) 14.1 148.4
anthracene  11989.7  172.1(1.44) 12.3 293.7
pyrene 13422.0  216.6(1.61) 13.5 994.7
naphthacene  15214.1 200.3(1.32) 11.1 301.9
coronene 19520.2 343.0(1.76) 14.3 295.8
graphite 710.8 16.9(2.38) 16.9 5.84
*Parenthesized value is the contribution of the resonance energy to the

E;(resonance)

atiomization energy, i.e. 100 x AH(CA)

Aihara [64d]. These correspondences advocate the validity of the present model.

As shown in Table 6.3, though the resonance energy plays a crucial role in the stability
of PBAH, its contribution to the atomization energy is less than a few percent.

In the next chapter, it is postulated that the present CC and CH bond energies and the
value of resonance integral are transferable to the general sp?-carbon clusters and that the

formation enthalpy of a single graphite sheet is to be 5.84 kJ-mol~! (s. Table 6.3).



Chapter 7

Energetics of Carbon Clusters

7.1 Introduction

When Osawa proposed a soccerball structure as a three-dimensional aromatic molecule,
everyone thought it was nothing but fanciful [84]. We had to waited up until Kroto et al.
discovered the fullerenes [85] and Krétschmer et al. improved the practical synthesis [86].
However indeed, the fullerenes have been waiting for us for more than an aeon ever since
a meteorite smashed into the Earth [87, 88]. The fact that the fullerenes have endured for
a geological period makes us envisage the fullerenes are as highly stable as graphite which
is the most stable phase of carbon at the ambient temperature and pressure. One of the
reasons for this stability has something to do with the term “aromatic stabilization”. For
example, because Cgy molecule is an assembly of twenty hexagons and twelve pentagons
without periphery, the number of Kekulé structure, which can be considered as a mea-
~sure of m-electron delocalization, is 12500 [120],[121]. The significant magnetic shieldings
measured by *He NMR, in 3He@Cgp and 3He@Cry also imply the existence of aromatic
(diamagnetic) ring current in the fullerenes [104]. Still, if the term “stable” were what
fullerenes are all about, they would be merely inert “soot” because they are unable against
substitution reactions which are characteristic of aromatic molecules with peripheral hy-
drogens. Contrary to these initial expectations, fullerenes have been found to undergo a
wide variety of chemical reactions [97, 98a, 101a, 103], though many of them are not char-
acteristic features of aromatics but of alkenes. Another prominent feature of fullerenes is
that the atomic arrangement inherently has curvature which engenders the strain in the

molecule. Aromaticity and strain can be two independent concepts. Fullerenes thus can
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be viewed as strained aromatic molecules.

In this chapter, energetics of carbon clusters is explored in terms of the resonance energy
and strain energy. A discussion on the reactivity of fullerenes is addressed in terms of the
strain energy. Relative stabilities among fullerenes, fullerene onions and graphite fragments

are discussed.

7.2 Haddon’s POAV Analysis

In planar conjugate molecules, the m-orbitals are defined as orbitals that are globally or-
thogonal to the o-orbitals. The term “globally” means that a m-orbital |7) on any atom £

is orthogonal to a o-orbital [¢) on any atom j, i.e.
(milo;) =0 for any 1,j

which is followed by the existance of the mirror plane on the molecule. In the case of
non-planar molecules, the above o — 7 separability is no longer satisfied. Still, Haddon
pointed out that, by relaxing the definition of separability, it is physically meaningful to
define the “m-orbital” that is locally orthogonal to the “o-orbitals”, i.e.,

(mios) =0
but
(mloy) #0 if i#j.

The 7-orbital axis vector (POAV) is defined as such a vector that lies along the p-like-
orbital which composes this n-orbital. Under the assumption that o-orbitals lie along the
each internuclear axis, the POAV is defined uniquely when the geometry of a molcule is
given. Although only the direction of the POAV is. used in the present study, its length
also has particular ‘meanir.lgs. (s. [57)).

Let the angle/between the m-orbital, which is defined in the POAV analysis, and the
o-orbital be 6,,. There are three independent such angles on each atom. However, for
many cases including fullerenes, these three angles are nearly equal [57a], so that we can

approximately attribute a single 8,, to each atom. This 8,, provides a versatile measure

of non-planarity of carbon network.
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7.3 Strain and Resonance Energies of Fullerene

7.3.1 Curvature and Strain of Fullerene

Schmalz et al. proposed an important quantity for the curvature of fullerene cage [71]:

provided that (6, — 7/2) is small, for spherical, spheroidal and ellipsoidal fullerenes C,,

n
3 (Oor — g)z ~ % = 2418 (7.1)

where 0y is given in radians. The curvature integrated over the surface of a fullerene cageis
thus independent of the size of the molecule as long as (8, — 7/2) is small. Equation (7.1)
can be called as “curvature conservation law”. As the equation (7.1) is deduced purely
mathematically, this can be readily extended to a cage of genus g (g = 0 for sphere, g = 1
for donut like torus, g = 2 for two-hole donut, etc.),

i(a,,,, — g)z ~ ﬂ’% = 2.418(g + 1). (7.2)

As far as a fullerene that meets the isolated pentagon rule (IPR) and is not far from a
sphere in the shape is concerned, equation (7.1) is well satisfied [56, 71, 70].

In the present study, E(strain) is defined as the strain energy of a localized reference
structure (vide infra). One can thus anticipate that E(strain) will be described by a simple
force-constant model. Here we postulate that E(strain) is equal to the sum of contri-
butions from out-of-plane deformation described by the POAV angles and from in-plane
deformation described by the bond angles between o-bonds. Thus,

E(strain) = %kg > Oon~ 5+ %1% T (6 — do)? (7.3)

atom angle

where kg and k4 are the force constants for the POAV angle and o-bond angle, respectively,
r and r’ are the bond lengths that form the angle ¢, and ¢ is the ideal sp? bond angle, i.e.
120°. The term rr' is included in the in-plane deformation term of equation (7.3) in order
for the force field to accord with the force-constant model proposed by Cyvin et al. [81].
For any spherical fullerenes, we can approximate that Phexagon = 120° and @peptagon =
108°. Hence, only pentagons contribute to the second term of equation (7.3). Besides, if the

bond lengths of pentagon are assumed to be constant for any spherical fullerene, since the
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number of pentagon is always twelve by virtue of the Euler’s theorem, the second term of
equation (7.3) should be a constant independent of the size of the molecule. Consequently,

substitution of the equation (7.1) into (7.3) yields

1

1
Blstrain) = ok x 2418+ sky x 12 X 5 x 1.432° (—’i—

180°
1
= -;—kg x 2.418 + -2-k¢ x 5.397 for any spherical fullerenes (7.4)

2
(120° — 108°))

where kg and k4 are expressed in kJ-mol™~! .rad™? and kJ-mol~! -rad 2. A—z, respectively,
and bond length of a pentagon is taken to be 1.432A which is the value in Cgo [101b].

Therefore, we can anticipate E(strain) of a spherical fullerene is independent of its size.

7.3.2 Resonance Energy Diminution

The curvature of the conjugate molecules brings about the misalignment in the overlap
region between neighboring w-orbitals and consequently diminish the Hiickel resonance

integral from the planar case by the factor:
(resonance integral diminution) =~ 1 — ¢(6,r — %)2 (7.5)

where c is a positive constant and of the order of unity [57f, 57g, 72, 73]. Taking the
constént ¢ to be unity, we get the average resonance energy diminution factor 4 for a
non-planar molecule as

y= = ‘i (1»— ¢(Ogn — %)2) : (7.6)

n

Hence, the actual resonance energy for which the topological resonance energy is TRE is
E.(resonance) = YTRE (7.7)

In particular, substituting the equation (7.1) into (7.6), and putting ¢ = 1, one gets «y for

a spherical fullerene C, as

_ el
vy 3\/§n
3 (7.8)
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7.3.3 Evaluation and Discussion

Now we have the atomization enthalpy of Cgp and Crg (Chapter 3) as well as of corannulene
(Cahpter 4) together with additive reference bond energies (Chapter 6), and the unit value
of Hiickel resonance integral (Chapter 6). TREs of Cg and Cyy have been obtained by
Aihara et al. {63] and Babi¢ et al. [65], respectively, in the unit of 8. The present formalism
of energetics integrates these terms into the expression of standard atomization enthalpy

as

Ay H® = nccEcc + ncuEcu + Ex(resonance) — E(strain). (7.9)

Substituting each value into the left-hand side and the first three terms of right-hand side

of equation (7.9), we can evaluate E(strain). The results are summarized in Table 7.1.

Table 7.1: Resonance and strain energies, etc of corannulene (CgoHio ), Ceo and Cro

CaoHio Ceo Cro

noH 10 0 0
ArH(g)/kJ-mol ! 463.7*  2501° 2536°
A, H°(g)/kJ-mol~! ¢ 16049.7 40498 47531
nccECC + nCHECHd 15980.9 41634 48572
Er(resonance)- E(strain)/kJ-mol~*  68.8 —1136 —1042
TRE/|8| 0.7357 1.6437 2.036¢
Y (0pr — w/2)? 0.133" 2.418
A 0994 0.960 0.965
E(resonance)* /| 3| 0.730  1.577 1.965
/kJ-mol~1 ! 264.5 571 712 .
E(strain)/kJ-mol ! 195.7 1707 1754

“Chapter. 4. ®Table 4.4 of Chapter 4. For calculation of AyH°, CODATA recommended values
of A¢H°(C,g) and ArH°(H,g) were used. ?Ecc/kJ-mol~! = 462.6 and Ecy/kJ-mol~! = 441.6.
See Table 6.2 of Chapter 6. ¢Which is identical to AyH°~(nccEcc + ncuFcu). See eq.(7.9).
TRef. [63]. 9Ref. [65]. "Ref. [57c]. See eq.(7.1). IResonance energy diminution factor eq.(7.6).
¥Eq.(7.7). '8/kJ-mol~! = 362.2. See Chapter 6.

Table 7.1 shows that Er(resonance) per carbon atom either for Cgo or Cyo is about
10 kJ-mol~! which is comarable with that for naphthacene (s. Table 6.3 in Chapter 6). If

the term “aromatic” connotes a molecule that has a significant positive Er(resonance), Cgo
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and Cyq should be called fairly aromatic. However, E(strain) is larger than E;(resonance)
making the overall stabilization energy negative (destabilized) relative to the localized
referenece structure.

The strain energies for Cgp and Cy are close to each other (1707 and 1754 kJ-mol~! ,
respectively). The equation (7.4) is thus well satisfied. Schmalz et al. proposed the strain
energy for a spherical fullerene as =~ 1900 kJ-mol~! [71] *. Their calculation is based on
the out-of-plane force constant for planar polycyclic benzenoid hydrocarbons [81f], so that

their value is not equal to but fairly close to the present value.

Force Constants of Carbon Skeleton

Let E(strain) of a spherical fullerene be 1731 kJ-mol~! (= constant) which is the average of

those of Cgp and Cry. Bakke et al.[81b] proposed the force constants for in-plane bending
mode (s. Figure 7.1) as

ks(a) = 241kJmol~!.rad 2.3
ks(b) = 422 kJ-mol~!.rad~2.A" (7.10)
ks(c) = 211 kJ-mol~!.rad~2. A2

Figure 7.1: Cyvin’s in-plane force constants (s. eq.( 7.10))

*They did not separate the resonance energy diminution from their strain energy ~ 1927 kJ-mol—1. If the

resonance energy diminution of the present model is taken into account, we get E(strain)=: 1900 kJ-mol—1.
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Substituting k4(a) into the equation (7.4) and solving for kg, we find
kg = 893 kJ-mol~'rad=2. (7.11)

Then, in turn, substituting equation (7.10), (7.11), the molecular structure data of coran-
nulene (s. Figure 7.2) and %(6,r — 7/2)% = 0.133 (s. Table 7.1) into the equation (7.3), we
get the strain energy of corannulene as 190.2 kJ-mol~! which agrees well with the E(strain)
= 195.7 kJ-mol~! (s. Table 7.1). The validity of the present force-constant model, equa-
tion (7.3) is thus supported by another analysis. '

a =108, 3 = 123°,v = 114°,6 = 122°,¢ = 130.1°,( =
118°,p = 120°%a = 1.413 A,b = 1391 A,c =
1.440 A,d = 1.402 A,e =1.01 A

Figure 7.2: Molecular structure of corannulene (Ref. [29])

n*-Complexation of Fullerenes

The n?(dihapto)-complexation is one of the typical reactions for olefines such as

Pt[(NC)2C=C(CN);](PPh3);. On the other hand, aromatic molecules rather un-
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Figure 7.3: Pyracylene (Cyclopent|fglacenaphthylene)

Figure 7.4: 7%~ and n°-Complexes
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dergo 7°(pentahapto)- or n°(hexahapto)-complexation than n?-complexation, such as fer-
rocene = di(r’-cyclopentadienyl)iron. Many n?-complexes of fullerenes are known, e.g.

(Ph3P)oPt(n?-Cgo) [98b] or (Ph)[(PhsP)2(CO)(ChIr(1*-Cro) [99] whereas neither 7°- nor

8-complex has been known. The tendency towards n?-complexation can be partially in-

n
terpreted in terms of the strain energy. As shown in Fig 7.4, if we start from the pla-
nar molecule, the initial molecular plane is subjected to out-of-plane deformation in n?-
complexation. (Notice that all the n%-complexes have non-planar conformations in the
o-frames even in the case of alkenes.) In the case of fullerenes, on the other hand, the
carbon skeleton has the curvature in the first place. Let us take (PhsP)oPt(n?-Cgo) as
an example. The squared POAV angle, (0, — 7/2)2, of the carbon atom where Pt atom
attached is 0.073 [56). If the carbon skeleton were planar like pyracylene (Figure 7.3), the

molecule would suffer an out-of-plane strain energy of about
2 x —12-kg x 0.073 = 65 kJ-mol™!

in order to provide a suitable conformation for 7?-complexation. In the case of Cg, as

(0on — m/2)% = 0.0413 [56] in the first place, it suffers only
2 x %kg x (0.073 — 0.0413) = 28 kJ-mol 1.

In other words, the curvature of Cgp conceivably raise the ground state energy about
37 kJ-mol~! from a hypothetical planar analog of a fullerene. This is advantageous to 7?-
complexation. On the contray, the POAV angles are inclined outwards away from the axes
perpendicular to either hexagon or pentagon of a fullerene, so that the overlap between -
orbitals of a fullerene and d-orbitals of a metal is poor in the 7°- or %-complex. Accordingly,
the curvature predisposes fullerenes towards the n2-complexation but hinders them from

the - or n’-complexation.
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7.4 Fullerene, Onion and Graphite

In this section, let us try to predict the formation enthalpies of larger (n > 60) fullerenes,
fullerene onions (multi-shelled fullerenes) and graphite fragments in terms of the quantities

determined in the previous sections and chapters.

Graphite Fragments

Graphite fragments, which are composed of only hexagons, have inevitably dangling bonds
in their peripheries. Apparently, since these dangling bonds contribute to the total energy
as a destabilizing factor, the most stable graphite fragment is the one that has the least
number of dangling bonds. Thus we choose the Dg), fragments, which has a molecular
formula Cg2 where & is an integer > 1 and has (9%k® — 3k) CC bonds, as the representatives
of stable graphite fragments. The resonance energies, TREs, of the D¢, graphite fragments
of any sizes are unknown except for benzene, coronene, and graphite. As we consider
relatively large fragments, let us tentatively assume that TRE per carbon atom of a graphite
fragment is equal to that of graphite, i.e. TRE(n)/n = 0.046768 = 16.9kJ-mol~!f. The
atomization enthalpy of a graphite fragment Cg2 therefore can be estimated as

A, H°(graphite fragment,6k?)  9k? — 3k Ees + TRE(6k?)
6k2 ek C 6k2

whence

(7.12)

n

2 V2n
where n. = 6k%. Substituting Fcc = 462.6 kJ-mol~! and TRE(n)/n = 16.9 kJ-mol~! into
equation (7.12), one gets

AgH°(graphite fragment,n) (3 31 ) > TRE(n)
= —-= | Lcct ————

(e} s . -1 .
AaH"(graphite fragment,n)/kJ-mol™® _ .. o  566.56 (7.13)
n vn

t According to Stein et al., the minimum Hess-Schaad type resonance energy (HSRE) of Degy, graphite

fragment is in the vicinity of n=240 and its difference from infinite graphite is around 3 kJ-mol~* {53a).
Though the definitions of HSRE and TRE are different, they are of the same order in magnitude. Thus
in the present case, the minimum resonance enregy is probably around 14 kJ-mol~! . The neglect of this

resonance energy decrease, however, does not affect the present discussion seriously.
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whence

A¢H°(graphite fragment,n) /kJ-mol~1 AHY(Cog) — AH °(graphitr:1e fragment,n)
= 5.84+ 566.56.
N

The above equation (7.14) can be applied to the piles of graphite fragments as follows.

(7.14)

Let the number of layers be N and the number of atoms per layer be n/N. There are
(N —1) inter-layer interactions which correspond to the negative of the formation enthalpy
of a single graphite layer, i.e. -5.84 kJ.mol~! per atom (s. Table 6.3 in Chapter 6). Thence

A¢H°(N-layer,n)/kJ-mol~! NA¢H°(graphite fragment,n/N) — 5.84(N — 1)n/N
n n

1 N
= 584 + 566.56\/%. (7.15)

Single-shelled Fullerenes

As long as the curvature conservation law, equation (7.1), is satisfied, we find that E(strain)
~2 1731 kJ-mol~! which is constant from a fullerene to another (vide ante). The remaining
problem in the estimation of the formation enthalpies of fullerenes is thus to predict their
resonance energies. Although the resonance energy depends on the topology of a molecule
as a whole, the conjugate circuit model of aromatic molecules has shown that relatively
small-membered circuits such as five-, six-, eight-, or ten-membered ones dominate the
resonance energy [68]. As we now focus on such a fullerene as formed only by pentagons
and hexagons, the number of pentagon, which contributes to anti-aromaticity, is always
twelve. Moreover, as long as the IPR is satisfied, there are no eight-membered circuits
which also contribute to anti-aromaticity. The number of aromatic six-membered circuits
is approximately proportional to the number of carbon atoms. Thus we can confidently
approximate that the resonance energy TRE of the spherical fullerene C, is expressed as
the sum of an aromatic term that is proportional to n, and a constant anti-aromatic term,
ie.
TRE(n) = nCaromatic — Canti-aromatic

or

TRE anti—aromatic
___@ = Claromatic — 9“_'_‘_ (7.16)
n n
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In the limit of n — oo, TRE(n)/n should coincide with that of graphite, 0.046765. We find
thus Caromatic = 0.046763. Substituting TRE(60)=1.6430 into equation (7.16), we obtain
Canti—aromatic = 1.1638. Similarly, with TRE(70)=2.0360, one gets Canti—aromatic = 1.2370.
Hence we take the average of these, Canti—aromatic = 1.208. Accordingly, the equation (7.9)

is revised as

A, He(fullerene,n)

_ 3 Foo+ YTRE(n)  Efstrain)
n 2 n
— § ECC + (1 _ 2 (061!‘ — ﬂ'/ 2)2> (Caromatic _ Canti—aromatic)
2 n n
E(strain)
- n
3
= EECC + Oaroma.tic
1

™ (Canti—aromatic + Caromatic Y, (Bor — 7/ 2)% + E(strain))
Canti-aromatic T (0on — 7/2)°

n2 ’
Substituting Egc = 462.6 kJ-mol™ , Caromatic = 0.04676 8 = 16.9 kJ-mol™ , Cansi_aromatic
= 1.20 8 = 434.7 kJ-mol~! , 3 (Bpx — 7/2)® = 2.418 rad® and E(strain) = 1731 kJ-mol~!
into equation (7.17), we get

0 kJ. -1
A.H (fulleref:an)/ Jmol™ 1083 % + l?% (7.18)

+

(7.17)

whence

AgH(fullerene,n)/kJ-mol™! = nAH°(C,g) — A, H°(fullerene,n)
= 5.84n + 2209. (7.19)
As we focus on the fullerenes for which the IPR is satisfied, i.e. n > 60, the term propor-
tional to n~2 in equation (7.18) is ignored in deriving equation (7.19). Bakowies et al. [70]

and Adams et al. [106] proposed similar expressions for formation enthalpy of fullerene by

fitting their results of theoretical calculation.

Multiply-shelled Fullerenes (Fullerene Onions)

For fullerene onions, the strain energy per shell is 1731 kJ-mol~! , so that the total strain

energy is 1731 kJ-mol~! X (the number of shells). The fullerene onions are thus unfavoured
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as compared with single-shelled fullerenes for a given number of carbon atoms as long as
the strain energies are concerned. However, fullerene onions are stabilzed by the inter-
shell interaction. It is thus expected that there is a crossing point where the inter-shell
interaction prevails the strain energy and renders the fullerene onion more stable than
single-shelled fullerene for a particular number of carbon atoms.

Consider a fullerene M-onion which is formed by covering the Cgo with M shells (thus
total M+1 shells). Assuming that the number of carbon atoms is proportional to its radius,

we get
2

o (®)

where the subscript ¢ represents the i-th shell, n; is the number of carbon atoms with
radius R;, and Ry is the radius of Cgo = 3.5 A [101b, 102]. The inter-shell distance r is
r=3.4 Ax R, which has been obtained by exerimental observation [111a, 111d, 112f] and
by theoretical calculation [122]. Thus we get a simple relation

L)
o Pty
= 60(1+1)° (7.20)

Q

which yields n; = 60,240, 540,... for successive shells, i.e. 1-Onion: Cggi240, 2-Onion:
Ce0+240+540, and so on. Incidentally, these numbers coincide with those for truncated
icosahedra [71]}. The formation enthalpy of M-onion is thus
' M
AgH°(M-onion) = Y A¢H°(fullerene,60(1 + 1)) + Eimer_shen (7.21)
i=0
where Eipger_shenn represents the inter-shell interaction. The inter-shell distance r = 3.4 A is
also close to the inter-layer distance of graphite (3.35A), so that the inter-shell interaction
per carbon atom of fullerene onion can be assumed to be the negative of the formation
enthalpy of graphite monolayer, i.e. —5.84 kJ-mol~! in the present model (s. Table 6.3 in

Chapter 6). The assumption that the inter-shell interaction is proportional to the number

In general, the number of vertices n for truncated icosahedra is given by a pair of integer h and &

(0<h 2k >0) as n = 20(h? + hk + ¥?). Thus the equation (7.20) does not yield all the possible number

of truncated icosahedra. See ref. [71].
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of atoms in contact has been validated by ab initio calculation of a system of two concentric
graphitic tubes [122]. Therefore, taking it into account that the inner-most and outer-most

shells are in contact only on one side, one gets

M-1
Einter—shell = _Ls584.60— > 5.84-60(1+ i) ~ L5 ga. 60(1 + M)?
2 ~ 2
= —10-5.84M(2M?% +6M + 7). (7.22)

Substitution of the equation (7.19) and (7.22) into (7.21) yields
A¢H°(M-onion) = 5.84-10(M+1)(M+2)(2M+3)+2209(M+1)—10-5.84M (2M*+6 M +7)

or, dividing by the number of atoms per onion n = ¥¥,60(1 + i) = 10(M + 1)(M +
2)(2M + 3),

A¢H°(M-onion) 5.84 1 2209 584 M@2M?+6M+7)
n - 10(M+2)(2M +3) " 10(M + 1)(M + 2)(2M + 3)
_ 584 3(M?%+2M + 2) 2209 (7.23)

M T DM M 13) T M+ 2) M+ 3)’
The Stable State of Carbon Clusters

In Figure 7.5, the formation enthalpies of graphite fragments (equation(7.15)), hollow
fullerenes (equation(7.19)) and fullerene onions (equation(7.23)) are shown. Explicit nu-
merical results for hollow fullerenes and onions are shown in Table 7.2. It can be seen that
the most unstable speicies are graphite fragment. Tremendous number of carbon atoms are
necessary to overcome the destabilization due to the dangling bonds by the stabilization
by stacking of fragments. There is a crossing point at around n ~ 10% between hollow
fullerenes and fullerene onions, i.e. for n > 103 fullerene onions are more stable than hollow
fullerenes as long as their ground states are concerned. Bennemann et al. calculated the
similar crossing point [109a], while Maiti et al. [110] and Tomének et al. [118] proposed
the crossing points are at n = 6000 and n = 660, respectively, from their theoretical
calculations.

A recent determination of combustion energy of fullerene soot revealed that the fullerene
soot is as highly energized as Cgg or Crg [107]. From this fact together with the Figure 7.5, it

is inferred that in the generation process of fullerenes such as arc-discharge between carbon
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Table 7.2: Formation enthalpies per carbon atom of hollow fullerenes and fullerene onions

fullerene onion

in kJ-mol~?
M hollow fullerene
1 Caoo 13.2
2 Cago 8.5
3 01800 7.1
4 03300 6.5
5 05460 6.2

Ceo4240 17.6
Ceo+240+540 10.0
Cé0+240+540+960 6.6
Cé60+240-+540+960+1500 4.7

Ce0+240+540+960+1500+2160 3.0

eletrodes or laser vapourization of graphite, the carbon vapour is quenched in early stage
of spiral (curved) layer accretion onto the Cgp-like embryo (s. ref. [108]). This is also in

accord with the experimental observation that (a) the following harsh procedures anneal the

carbonaceous materials towards the fullerene onions: electron irradiation of either fullerene

soot or amorphous carbon [112], shock-wave treatment of carbon soot [114], carbon deposits

generated by the laser decomposition of benzene [115], laser melting of carbon in a high-

pressure cell [116] and thermal treatment of diamond nanoparticles [117], however, (b) the

thermal treatment of fullerene soot, which could be considered as milder treatment than

(a), yields imperfect fullerene onions with large inner cavity and polyhedral (not spherical)

shape [112d, 112¢]. One can thus conclude that the barrier for bond rearrangement is so

high that the fullerene soot is entrapped in high energy state.
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Figure 7.5: Formation enthalpies of fullerenes, onions and graphite fragments



Chapter 8

Concluding Remarks

The micro-bomb combustion calorimeter developed in the present study was found to be
applicable to combustion studies using small amounts of less combustible compounds, such
as fullerenes. The major innovation by which we could overcome the difficulties to reduce
the sample mass was an improvement on the bomb. In particular, the microheater plays
a key role in preventing the incomplete combustion. The formation enthalpies of Cgp, Cro,
corannulene and coronene were determined by this calorimeter. With the exception of Cgy,

they were first experimentally determined in the present study.

The atomization enthalpies of planar PBAHs were well explained as the sum of additive
bond energies and topological resonance energy. It is thus concluded that the parameters
determined provide a set of reference energies for other sp?-carbon networks.

By the use of the thermodynamic quantities determined in the present study as a basis,
energetics of non-planar sp?-carbon clusters was explored. Quantitative relation among
the resonance, strain and bonding energies was derived. Calculation of relative stabilities
of hollow fullerenes, fullerene onions and graphite fragments revealed that the most stable
forms among them are not graphite fragments but fullerene onions for an aggregate of a
thousand carbon atoms. The present study will be a basis for discussions on the thermo-
dynamic properties of nano-scale carbon particles which are in the interdisciplinary area
between gas-phase cluster chemistry and bulk chemistry.

The present formalism of energetics can be extended to other form of sp?-carbon clusters
by on-going measurement of a molecule which has seven-membered ring. This future ex-
tension of energetics will be applied to graphitic tori ([111d],[123],[124]), graphitic sheets of

the negative Gaussian curvature ([127],[125],{126]), and more generally, to the nano-scale

87



88 CHAPTER 8. CONCLUDING REMARKS

carbon aggregates.
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