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ABSTRACT
High-level heats of formation for C60 are obtained through the use of reactions in which C60 is broken
down into its fundamental bowl-shaped aromatic fragments (corannulene and sumanene). The reaction
enthalpies are obtained by means of the high-level G4(MP2) thermochemical protocol and reliable
experimental (from the Active Thermochemical Tables, ATcT) or theoretical (from W1h theory) heats
of formation are used for the molecules involved in these reactions. Our best theoretical estimate,
∆fHº298[C60(g)] = 2511.7 kJ mol–1, suggests that the experimental value adopted by the NIST
thermochemical database (∆fHº298[C60(g)] = 2560 ± 100 kJ mol–1) should be revised downwards.
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1. Introduction
The fundamental importance of Buckminsterfullerene1 as a molecular allotrope of carbon and as
a key building block in nanotechnology and material science is clearly evident to any chemist.2,3
However, its heat of formation has been a matter of controversy with reported experimental values
extending over a wide energy range of 199 kJ mol–1, from 2457 ± 164,5,6 to 2656 ± 25 kJ mol–1.7 In
light of these very large differences, the NIST thermochemical database has adopted a value of
∆fHº298[C60(g)] = 2560 kJ mol–1 associated with an unusually high error bar of ± 100 kJ mol–1. The first
measurement of heat of formation for C60 was carried out by Beckhaus et al. in 1992,8 who reported a
standard heat of formation in the gas-phase (∆fHº298[C60(g)]) of 2464 ± 7 kJ mol–1.5,6 The same year,
Steele et al.7 revised this value substantially upwards to 2656 ± 25 kJ mol–1.9 The large discrepancy
between these two experimental determinations has stimulated a series of subsequent macro- and
micro-combustion calorimetric studies4,6,10,11,12,13,14,15,16 (Table S1 of the Supplementary data
summarizes the experimental ∆fHº298[C60(cr)] and ∆fHº298[C60(g)] values). The reasons for these large
discrepancies include the difficulties associated with the production of samples of C60 of sufficiently
high purity and the limited accuracy of calorimetric measurements on relatively small samples.17,18 An
additional contributor to the discrepancies between the ∆fHº298[C60(g)] values comes about because in
some cases the enthalpies of sublimation (used for converting the crystalline heat of formation into the
gaseous heat of formation) show a variation of as much as ~50 kJ mol–1 (Table S1, Supplementary
data). However, even the reported solid-phase heats of formation span a wide energy range of 149 kJ
mol–1. In the light of this state of affairs, the NIST Webbook has adopted a standard heat of formation
for C60 of 2560 ± 100 kJ mol–1, which was obtained as the average of six ∆fHº298[C60(g)] values (Table
S1, Supplementary data).19 We note that the six ∆fHº298[C60(g)] values selected by NIST spread over
the abovementioned energy range of 149 kJ mol–1.
Two recent theoretical studies have obtained the heat of formation for C60 through the use of
reactions in which C60 is broken down into prototypical hydrocarbons.20,21 Reference 20 used reactions
in which C60 is broken down into corannulene:
C60 + a Ar → b corannulene

(1)

where Ar is benzene or naphthalene. These reactions were chosen because they conserve some of the
unique chemical features present in C60 (such as curvature in the π system associated with pentagons
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completely surrounded by hexagons). In order to obtain the heat of formation for C60 the reaction
enthalpy was calculated at the DSD-PBEP86-D3/cc-pVQZ level of theory,22 the heat of formation for
corannulene was obtained from W1h theory,23,24 and the heats of formation for Ar were taken from
accurate experimental measurements. In this study the best theoretical heat of formation for C60 was
reported to be ΔfH°298[C60(g)] = 2522 ± 14 kJ mol−1. Shortly thereafter, Dobek et al.21 obtained the heat
of formation for C60 from CBS-4M and APF-D calculations,25,26 using a homologous sequence of
isodesmic reactions in which C60 is broken down into CH4, C2H4, C2H6, and C6H6. The chosen set of
reactions allow for obtaining size-consistent empirical parameters determined from least-squares fitting
to W1h enthalpies of formation1 for C6H6, C10H8, C14H10, and C18H12. Using this empirical approach
Dobek et al.21 arrived at ΔfH°298[C60(g)] = 2531 ± 15 kJ mol–1, in good agreement with the value
reported in ref. 20.
The reactions used by Dobek et al.21 for obtaining the heat of formation for C60 do not attempt
to balance the strain energy on the two sides of the reaction, whereas reaction 1 attempts to do so using
corannulene. It is important to note, however, that C60 is composed of two fundamental aromatic bowlshaped fragments (i) a pentagon surrounded by five hexagons (corannulene) and (ii) a hexagon
surrounded by three hexagons and three pentagons (sumanene). This is illustrated schematically in
Figure 1.

3

Figure 1. B3LYP/6-31G(2df,p) optimized structure of C60 and its two basic fragments (a) corannulene
(C20H10) and (b) sumanene (C21H12).
In the present work, we obtain the heat of formation of C60 via reactions that conserve some of
the unique chemical features present in C60 (such as strain energy resulting from curvature in the π
system). There are two key differences between the approach taken here and in ref. 20. The first is that
here C60 is broken down into both corannulene and sumanene, rather than just corannulene. Including
sumanene in the thermochemical cycle used for obtaining the heat of formation of C60 is important,
since corannulene accounts for only one type of strain energy involved in C60 (i.e., pentagons
completely surrounded by hexagons), whilst sumanene accounts for the strain energy associated with
hexagons surrounded by three hexagons and three pentagons (Figure 1). A number of studies have
previously shown that it is important to conserve such features when calculating the heats of formation
of fullerenes and PAHs.27,28,29,30,31 The second difference is that the reaction energies are obtained at a
much higher level of theory, namely, by means of the G4(MP2) protocol,32 rather than by means of
double-hybrid density functional theory (DHDFT). In this context, we note that the CCSD(T)/6-31G(d)
calculation for C60 stretched our computational resources to the limit. This single-point energy
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calculation ran for more than two weeks on eight Intel Xeon E5-4650L cores (at 3.1 GHz) with 512
GB of RAM.

2. Computational details
The geometries and harmonic vibrational frequencies of all structures have been obtained at the
B3LYP/6-31G(2df,p) level of theory. Zero-point vibrational energies (ZPVEs) and enthalpic
temperature corrections (H298–H0) have been obtained from such calculations, within the rigid-rotor
harmonic oscillator (RRHO) approximation, and have been scaled using literature scaling factors.33 All
geometry optimizations and frequency calculations were performed using the Gaussian 09 program
suite.34
The reaction enthalpies of reactions 2 and 3 (below) are obtained by means of the high-level, ab
initio W1h thermochemical protocol23,24 as described in detail in ref. 20 for corannulene. All the highlevel ab initio calculations have been carried out with the Molpro 2012.1 program suite.35,36 We use
these W1h reaction enthalpies to obtain a reliable theoretical heat of formation for sumanene. W1h
represents a layered extrapolation to the relativistic, all-electron CCSD(T) (coupled cluster with
singles, doubles, and quasiperturbative triple excitations) basis-set-limit energy, and can achieve “subchemical accuracy”. For example, the large set of 124 accurate atomization energies in the W411nonMR database, W1h attains a root-mean-squared deviation (RMSD) of 2.7 kJ mol–1.37,38 However,
it should be pointed out that for reaction that conserve large molecular fragments on the two sides of
the reaction (such as reactions 2 and 3), W1h theory should yield even better performance due to a
large degree of systematic error cancelation between reactants and products.30,31,37,39,40,41,42
The reaction enthalpies of the reactions involving C60 (reactions 4–9 below) have been obtained
by means of the G4(MP2) thermochemical protocol.32 The G4(MP2) protocol estimates the CCSD(T)
energy in conjunction with a triple-ζ quality basis set and has been found to give chemical properties
with “near-chemical accuracy”. For example, for the set of 124 atomization energies in the W411nonMR database G4(MP2) attains an RMSD of 7.5 kJ mol–1.37 Whilst for the wide range of 454
experimental thermochemical properties considered in ref. 32 (such as enthalpies of formation, electron
affinities, and ionization energies) G4(MP2) attains an RMSD of 6.2 kJ mol−1. However, as pointed out
above, for reaction that conserve large molecular fragments on both sides of the reaction, G4(MP2)
theory should yield better performance due to a large degree of systematic error cancelation between
reactants and products.30,31,37,39,40,41,42 In this context, we note that reactions 4 and 6–9 conserve both
5

the numbers of each formal bond type and the numbers of carbon atoms in each hybridization state on
the two sides of the reaction.
Since both W1h and G4(MP2) approximate the CCSD(T) energy, it is of interest to estimate
whether post-CCSD(T) contributions are likely to be significant for the theoretical heats of formation
obtained from reactions 2–9. The percentage of the atomization energy accounted for by parenthetical
connected triple excitations, %TAE[(T)], has been shown to be a reliable energy-based diagnostic
indicating the importance of post-CCSD(T) contributions.37,43,44 The %TAE[(T)] values for the species
involved in reactions 2–9 (Table S2, Supplementary data) range between 0.7 (CH4) and 3.0 (C60).
These values indicate that these systems are dominated by dynamical correlation effects and that postCCSD(T) excitations are not expected to have a significant contributions to the reaction energies.

3. Results and discussion
3.1. W1h heat of formation for sumanene. We begin by calculating the heat of formation for
sumanene by means of the W1h thermochemical protocol. We obtain an accurate theoretical heat of
formation for sumanene via reactions that conserve the chemical environments of the reactants and
products to various degrees. Specifically, the following reactions are considered:
sumanene + 3 methane → 4 benzene
!

!

sumanene + ! methane → ! triphenylene

(2)

(3)

Sumanene is essentially triphenylene in which the three outer phenyl rings are joined together with
three CH2 groups (Figure 1). Thus, apart from the strain energy involved in sumanene, reaction 3
conserves the chemical environments of the reactants and products to a large extent. The reaction
enthalpies of reactions 2 and 3 are obtained from W1h theory, whilst accurate experimental heats of
formation for methane and benzene are taken from the Active Thermochemical Tables (ATcT)
network of Ruscic and coworkers (the ATcT values are summarized in Table 1).45,46,47 An
experimental heat of formation for triphenylene (ΔfH°298[C18H12(g)] = 270.1 ± 4.4 kJ mol–1) is taken
from Roux et al.48 We note that this experimental value is in good agreement with the theoretical W1h
value calculated in ref. 20. The component breakdown of the W1h reaction enthalpies and our resultant
predicted heats of formation are gathered in Table 2. Both reactions 2 and 3 lead to similar heats of
6

formation for sumanene, namely ΔfH°298[C21H12(g)] = 535.3 ± 9 (reaction 2) and 530.3 ± 8 (reaction 3)
kJ mol–1. Using reaction 2 has the advantage that only highly accurate experimental values from ATcT
are used, whereas reaction 3 has the advantage that larger molecular fragments are being conserved on
the two sides of the reaction. Since we believe that our W1h reaction energy should be sufficiently
converged for reaction 2, we adopt the heat of formation obtained from this reaction since it involves
only experimental data associated with well-defined error bars < 0.3 kJ mol–1. We note that calculating
the heat of formation of sumanene via an atomization reaction leads to a very similar value of
ΔfH°298[C21H12(g)] = 536.7 kJ mol–1.49
Table 1. Experimental ATcT heats of formation at 298 K (ΔfH°298) for species involved in reactions 2–
4 and 6–9 (kJ mol–1).45,46,47
ΔfH°298
CH4

–74.532 ± 0.057

C2H4

52.56 ± 0.15

C2H6

–83.79 ± 0.17

C3H8

–104.41 ± 0.29

C6H6

83.18 ± 0.26
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Table 2. Component breakdown of the W1h reaction enthalpies and predicted theoretical enthalpies of
formation for sumanene (kJ mol–1).
Reaction

(2)

(3)

–244.8

–153.3

∆CCSDb

65.9

142.6

∆(T)c

6.7

27.1

∆CVd

–0.5

0.4

∆HFa

∆Rele

–0.3

–0.6

f

0.0

0.2

∆ZPVEg

5.6

18.7

∆(H298–H0)g

0.9

–9.0

–166.4

26.1

∆DBOC

∆rHº298h
∆fHº298i,j

535.3 ± 9 530.3 ± 8

a

Extrapolated from the cc-pVQZ and cc-pV5Z basis sets. bExtrapolated from the cc-pVTZ and cc-pVQZ(no f on H) basis
sets (see ref. 20 for further details). cExtrapolated from the cc-pVDZ and cc-pVTZ basis sets. dCCSD(T) core–valence
correction obtained as: CCSD/cc-pwCVTZ + (T)/cc-pwCVTZ(no f) (see ref. 20 for further details). eCCSD(T)/cc-pVDZ-DK
scalar relativistic correction. fHF/cc-pVTZ DBOC correction. gScaled B3LYP/6-31G(2df,p) values. hOverall reaction
enthalpy at 298 K. iTheoretical heats of formation at 298 K for sumanene obtained using the W1h reaction enthalpies and
experimental heats of formation (see text). jThe associated uncertainties are obtained using the reported experimental
uncertainties and a conservative uncertainty of ± 7.7 kJ mol–1 for the W1h reaction enthalpies, taken from ref. 37.

	
  
3.2. Heat of Formation of C60. Having obtained a reliable W1h heat of formation for
sumanene paves the way for calculating the heat of formation for C60 via reactions in which C60
is broken down into sumanene and corannulene. In these thermochemical cycles we will use our
best theoretical W1h heats of formation for corannulene (ΔfH°298[C20H10(g)] = 485.2 ± 8, from
ref. 20) and sumanene (ΔfH°298[C21H12(g)] = 535.3 ± 9 kJ mol–1). In these reactions we will only
consider additional species for which accurate experimental heats of formation are available
from the ATcT thermochemical network (Table 1). In all cases the reaction energies are
calculated at the G4(MP2) level.
We begin by stressing that even though we are calculating the reaction energies at the
G4(MP2) level, we still need to use reactions that conserve large molecular fragments on the two
sides of the reaction. This is clearly demonstrated by considering the following isodesmic
reaction, which was used in ref. 21:
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C60 + 30 C2H4 → 20 C6H6

(4)

Table 3 lists the G4(MP2) reaction enthalpy for reaction 4 as well as the resulting predicted heat
of formation for C60 ∆fHº298[C60(g)] = 2420.7 kJ mol–1. This heat of formation is lower than the
experimental value adopted by NIST by nearly 140 kJ mol–1 and is also significantly lower than
the theoretical values obtained via reactions that conserve larger molecular fragments on the two
sides of the reaction (vide infra). The experimental uncertainties associated with C2H4 and C6H6
cannot account for more than about 10 kJ mol–1. This leaves the G4(MP2) reaction enthalpy as
the main source of error, and we conclude that the G4(MP2) level cannot accurately predict the
enthalpy of this reaction. We note that using an atomization reaction calculated at the G4(MP2)
level leads to an even lower heat of formation for C60, namely, ∆fHº298[C60(g)] = 2402.5 kJ mol–
1 49

.

In this context it should be pointed out that the quality of G4(MP2) heats of formation

obtained from atomization reactions deteriorates with the size (and complexity) of the molecular
system. For example, we obtain the following differences relative to our best W1h or ATcT heats
of formation: 1.0 (CH4), –1.8 (C2H4), 1.3 (C2H6), 1.4 (C3H8), –3.6 (C6H6), –31.5 (C20H10), and –
30.0 (C21H12) kJ mol–1 (the differences are G4(MP2) – best expt./theor. value). These differences
(in particular, the large underestimations obtained for C20H10 and C21H12) suggest that the
G4(MP2) heat of formation for C60 obtained via an atomization reaction will be significantly
underestimated.
Table 3. G4(MP2) reaction enthalpies for reactions 4–9 and predicted theoretical enthalpies of
formation for C60 (kJ mol–1).
Reaction

∆rH298a

∆fHº298[C60(g)]b

4

–2333.9

2420.7

5

–1619.7

2558.5

6

–475.9

2555.3

7

18.0

2511.7

8

61.9

2515.2

9

158.8

2515.0

a

Reaction enthalpy calculated at the G4(MP2) level. bTheoretical heat of formation for C60 obtained from the
G4(MP2) reaction enthalpies, theoretical W1h heats of formation for sumanene and corannulene, and experimental
ATcT heats of formation for methane, ethene, ethane, propane and benzene (see Table 1 and text).
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Let us now turn to reactions that conserve larger molecular fragments on the two sides of
the reaction. We first consider a reaction that involves only sumanene and corannulene:
C60 + 20 sumanene → 24 corannulene

(5)

The predicted heat of formation for C60 from reaction 5 is 2558.5 kJ mol–1. However, it is
important to note that, due to the large stoichiometric coefficients of sumanene and corannulene
(20 and 24, respectively), even a small error of ± 1 kJ mol–1 in the W1h heats of formation for
these species could translate to an error of 44 kJ mol–1 in the predicted heat of formation for C60.
Given that our best W1h theoretical heats of formation for sumanene and corannulene are
associated with uncertainties of 8–9 kJ mol–1, it is desirable to use reactions with much smaller
stoichiometric coefficients for these species. In addition, we note that reaction 5 does not
conserve the numbers of each formal bond type, and the numbers of carbon atoms in each
hybridization state on the two sides of the reaction. Two reactions in which these properties are
conserved are:
C60 + 10 C6H6 → 6 corannulene

C60 + 10 CH4 →

!"
!

sumanene

(6)

(7)

Reaction 6 was used in ref. 20 for obtaining the heat of formation for C60. Calculating the
reaction energy with two DHDFT functionals in conjunction with the cc-pVQZ basis set (and
using the ATcT heat of formation for benzene), ref. 20 obtained ∆fHº298[C60(g)] = 2535.2 (DSDPBEP86-D3)Error! Bookmark not defined. and 2543.1 (B2GP-PLYP-D3)50 kJ mol–1. In the present work
e obtain a higher value of ∆fHº298[C60(g)] = 2555.3 kJ mol–1 using the more accurate G4(MP2)
reaction energy. In reaction 7 C60 is broken down into 3.3 sumanenes. Calculating the reaction
energy at the G4(MP2) level (and using the ATcT heat of formation for methane) we obtain a
significantly lower heat of formation for C60 of ∆fHº298[C60(g)] = 2511.7 kJ mol–1. We note
however, that since reaction 7 involves about three sumanenes, whereas reaction 6 involves six
corannulenes, reaction 7 is less prone to the potential error resulting from the uncertainty in the
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W1h heats of formation for corannulene and sumanene. Therefore, we deem the ∆fHº298[C60(g)]
value obtained from reaction 7 more reliable.
What about reactions in which C60 is separated into both corannulene and sumanene? The
following two reactions conserve the numbers of each formal bond type and the numbers of
carbon atoms in each hybridization state on the two sides of the reaction:
C60 + 7.5 C2H6 + 1.5 corannulene → 5 sumanene

(8)

C60 + 6 C3H8 + 2.4 corannulene → 6 sumanene

(9)

These reactions result in essentially the same predicted heat of formation for C60, namely,
∆fHº298[C60(g)] = 2515.2 (reaction 8) and 2515.0 (reaction 9) kJ mol–1. These results are in close
agreement with the ∆fHº298[C60(g)] value obtained via reaction 7.

4. Conclusions
Corannulene (a pentagon surrounded by five hexagons) and sumanene (a hexagon surrounded by
three pentagons and three hexagons) are the two basic building blocks of C60. We obtain the heat
of formation of C60 via ructions that involve corannulene and sumanene, and hence conserve the
chemical environments of the reactants and products to large extents. We calculate the reaction
energies by means of the high-level G4(MP2) thermochemical protocol, whilst the heats of
formation for the reactants and products are calculated with the W1h thermochemical protocol
(for corannulene and sumanene) or taken from the ATcT thermochemical network (for CH4,
C2H4, C2H6, C3H8, and C6H6). We show that there is a significant variation in the predicted heat
of formation of C60 obtained via different reactions. In particular, reactions 5 and 6 result in
∆fHº298[C60(g)] = 2555.3–2558.5, whereas reactions 7–9 result in ∆fHº298[C60(g)] = 2511.7–
2515.2 kJ mol–1. Since the considered reactions conserve the chemical environments of the
reactants and products to large extents we assume that our G4(MP2) reaction energies are
sufficiently converged. Thus, the main source of error in the predicted heats of formation for C60
are the potential errors in the theoretical W1h heats of formation for corannulene and sumanene.
We therefore adopt the ∆fHº298[C60(g)] value obtained from reaction 7 (∆fHº298[C60(g)] = 2511.7
kJ mol–1) as our best theoretical heat of formation for C60 since this reaction is the least prone for
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this source of error. The revised ∆fHº298[C60(g)] value is lower by only 9.9 kJ mol–1 than the best
theoretical estimate recommended in ref. 20, but should carry a smaller uncertainty since it is
obtained at a considerably higher level of theory. Our best theoretical value is within the limits of
the error bars of the experimental value adopted by the NIST thermochemical database (2560 ±
100 kJ mol–1). However, it suggests that the NIST value should be revised downwards.

Supplementary data
Summary of reported experimental heats of formation for C60 (Table S1); Diagnostics indicating
the importance of post-CCSD(T) correlation effects for the species involved in reactions 2–9
(Table S2); B3LYP/6-31G(2df,p) optimized geometries for all the species in reactions 2–9
(Table S3); and full references for ref 34 (Gaussian 09) and ref 35 (Molpro 2012.1) (Table S4).
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