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The present paper provides a brief overview of
Molecular Thermochemistry research made at
Lisbon, throughout two decades. Those
experimental studies, which have been concerned
with the energetics of many organometallic,
organic, and inorganic substances, led to the
development of methods to estimate new data.
A few recent examples, including 13-elimination and
DNA-repair reactions, and the bonding in alkaline
metal alkoxides and fullerenes, were selected to
illustrate the energetics-structure-reactivity
relationship.

Apresenta-se, neste artigo, uma breve panorâmica dos
estudos sobre Termoquímica Molecular realizados em
Lisboa, nos últimos vinte anos. O trabalho experimental,
que envolveu uma variedade de compostos
organometálicos, orgânicos e inorgânicos, conduziu
também ao desenvolvimento de métodos de estimativa
de novos dados termoquímicos. Com o objectivo de
ilustrar a relação entre energética, estrutura e reactividade
moleculares, são apresentados alguns exemplos recentes,
incluindo reacções de eliminação 13 e de reparação do
ADN, bem como a investigação da natureza das ligações
químicas em fullerenos e em alcóxidos de metais alcalinos.

1. Is Molecular Thermochemistry
old-fashioned?

M olecular Thermochemistry aims to investigate
the stability of individual molecules. Stability is,
however, a fairly ambiguous concept. A water

molecule, which meets our intuitive criteria of endu-
rance, is promptly destroyed in the presence of sodium
atoms. Methane, with its four strong carbon-hydrogen
bonds, is easily consumed by reaction with oxygen.
Hydrogen peroxide, having a rather weak oxygen-
oxygen bond, may survive forever under appropriate
conditions. Therefore, a given molecule exists only
under certain physical and chemical environments. And
when it is said to be stable, one should ask: "Stable, rela-
tive to what?".
Thermodynamics provides the tools to analyze the type
of stability mentioned above, known as thermodynamic
stability. For instance, the yield of a chemical reaction in
the gas phase, at a given temperature and pressure, can
be calculated from the equilibrium constant (K), which
is related to the standard Gibbs energy of that reaction.

As indicated by the familiar equation 1, 4,G;;, can be
obtained from the standard enthalpy and entropy of the
reaction. 4,H,;, and 4,S,;, can in turn be derived from
the standard enthalpies of formation and the standard
entropies of reactants and products [1].

— RT In K= 4 , Gm = 4,1

A reaction Gibbs energy is therefore a measure of
the thermodynamic stability of a given molecule, under
given chemical and physical conditions. However, at room
temperature, the term TA,S° is often small compared
to A,.H',,, implying that the reaction enthalpy is the domi-
nant term in equation 1. As A,H , is calculated from
the standard enthalpies of formation, these quantities
can thus be regarded as gauges of thermodynamic stabi-
lity.

A large number of Molecular Thermochemistry
studies have been concerned with the thermodynamic
stability of chemical bonds rather than with the ther-
modynamic stability of molecules as a whole. Both
types of information - bond dissociation enthalpies

(1)
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(see Appendix) and enthalpies of formation, respecti-
vely - enable the calculation of reaction enthalpies. In
many occasions, however, the former are the only data
available. Consider, for instance, vitamin E (a-tocophe-
rol, TcOH; see Figure 1), which breaks the lipid peroxi-
dation cycle by reacting with a lipid peroxyl radical
(ROO') [2]. Although the enthalpies of formation of
reactants and products are unknown, the enthalpy of
reaction 2 can be calculated from equation 3 because
the enthalpies of the bonds cleaved and formed are
accessible.

R00'(sln) + TcOH(sln) ROOH(sln) +Tc0'(sln) (2)

A rHm(2) = DH°, n (Tc0 —H) —	 (ROO — H)	 (3)

recognized, for example, that a metal complex
M(L)°(C 2 H 5), where L represents a ligand like phos-
phine, cyclopentadienyl, etc., decomposes through a
mechanism known as 13-elimination. As observed in
Scheme 1, the destabilization of the four-centered transi-
tion state, due to the stretching of the metal-carbon
bond, is compensated by the formation of an incipient
metal-hydrogen bond. The pathway does not require the
simple cleavage of the M—C 6 bond. Hence, the ther-
modynamic stability cannot be inferred from the
decomposition temperature of the compound.

H ÇH2 	H
I	 CH2

L„M—C2H5	 L„ n --CH2 ^— L„M--- II
CH2

Figure 1 – Chemical structure of a-tocopherol.

The importance of bond dissociation enthalpies is
not confined to the calculation of reaction enthalpies.
They may also lead to insights into reaction kinetics and
mechanisms. For example, Ingold and coworkers have
found a correlation between the 0—H bond dissociation
enthalpies of several substituted phenols and the respec-
tive rate constants of the hydrogen abstraction reactions
by peroxyl radicals [3]. The low 0—H bond dissociation
enthalpy in vitamin E is consistent with a high rate cons-
tant of reaction 2 and is in keeping with the good antio-
xidant properties of this substance.

A general treatment of the fascinating bridges
between thermochemistry and kinetics is included in a
famous book by Benson [4]. Unfortunately, the relati-
onships are not always as simple as in the case of substi-
tuted phenols. It is often found that the kinetic stabilities
of molecules belonging to a given family do not corre-
late with their thermodynamic stabilities. The former,
being determined by the reaction mechanism, depend
on the size of the activation barrier and on other details
of the reaction profiles; the latter are simply determined
by the thermodynamics of reactants and products. In
other words, the instability of a molecule can have a
"purely" kinetic origin.

The distinction between thermodynamic and kine-
tic stability of a compound or a chemical bond was the
driving force to start the thermochemical studies in
Lisbon, some 20 years ago. The groups of Wilkinson and
Lappert had noted that the instability of some transition
metal compounds containing metal-carbon bonds
could have a kinetic root [5,6] and would not necessa-
rily imply that those bonds were weak. It had been

L„M—H + CH2=CH2

Scheme 1

In 1975, the controversy around the stability of tran-
sition metal-alkyl complexes stimulated the interest of
Romão Dias, head of the Organometallic Chemistry
group at 1ST, and Calado, head of the Experimental
Thermodynamics group at the same Institute. One of the
outcomes of joint discussions was the decision to hire a
graduate student to work on the project. Another was to
use some form of calorimetry to investigate the problem.
As this technique was not in their area of expertise, in
order to proceed more rapidly some outside help was
sought. Two groups (from the University of Manchester,
UK, and University of Porto, Portugal) gave a very signifi-
cant contribution during the first steps. The British group
(Skinner, Pilcher and Connor [7]) was the leading
authority on thermochemistry of organometallic
compounds and used several types of calorimetry, parti-
cularly Calvet (heat-flux) microcalorimetry. The inte-
rests of the Portuguese group, headed by Ribeiro da
Silva, were in thermochemistry of coordination comple-
xes. The main technique used in their studies was isope-
ribol reaction-solution calorimetry. To make a long story
short, after an undetermined number of attempts to
probe the thermochemistry of some molybdenum and
tungsten bis0> 5-cyclopentadienyl) complexes, M(Cp).,L2

(M = Mo, W; L = H, Me), anaerobic reaction-solution
calorimetry (RSC) was finally recognized as the best
method to investigate the thermodynamic stability of
those compounds [8,9]. Since then, RSC has been used
in Lisbon to study the thermochemistry of many organo-
metallic compounds, aiming to examine the systematics
of metal-ligand bond dissociation enthalpies and to
explore new methods to predict the enthalpies of reacti-
ons involving transition metal compounds. Some of this
work, now shared by people from three institutions
(Instituto Superior Técnico, Faculdade de Ciências da
Universidade de Lisboa, and Instituto Tecnológico e
Nuclear), has been reviewed elsewhere [10,11].
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Information about the stability of molecules and
bonds has been steadily accumulating throughout the
past two decades. The development of new experimen-
tal methodologies, in solution and in the gas phase, allo-
wed the thermochemical study of neutral and ionic
molecular species that are not amenable to classical
calorimetry. A pictorial overview of the main methods -
old and new - is shown in Figure 2. Here, it is delibera-
tely stressed that bond energies (or bond enthalpies),
rather than enthalpies of formation, are the goal of most
studies in modern thermochemistry. As noted above,
there are many molecules for which only bond dissocia-
tion enthalpy data are available, this being especially
true for organometallic compounds [11,12]. But
perhaps the most striking feature of Figure 2 is the large
number of techniques that have contributed to the
present knowledge in Molecular Thermochemistry.
Actually, the number is even higher than indicated,
because some gas phase techniques and some auxiliary
methodologies have been omitted. Why then, such a
variety? The answer is quite simple: the investigation of
the stability of any molecule is a very specific task. The
choice of a given technique is often dictated by the
nature of atoms that constitute the molecule, by its
physical state, and by its lifetime.

Despite all the efforts to increase the amount and
the quality of thermochemical data, there are still many
important gaps to be filled. Today, the databases of
enthalpies of formation and bond dissociation enthal-
pies are fairly large [12-17], particularly for organic and
inorganic substances, but there is (and there will always
be) a large difference between the sizes of those databa-
ses and the virtually infinite number of known molecu-
les. As a result, several empirical methods for estimating
those data have been developed [4,13,17-20]. It can be

anticipated that these research lines will have increased
importance in the future, but their progress depends on
the availability of experimental data, needed to test the
reliability of the estimates and also to "calibrate" quan-
tum chemical calculations. Computational Chemistry
methods have been playing a rather significant role in
Molecular Thermochemistry and some of them afford
highly reliable results, for many species. The fast impro-
vement of hardware and software will strengthen that
role and Computational Chemistry will replace many
experimental methodologies.

From what has been said in this short outline,
which included a short digression through the origins of
the "Lisbon group", it seems clear that Molecular
Thermochemistry is not a science from the past. No
doubt that some of the techniques in Figure 2 are over
100 years old. It is also true that the available empirical
estimation schemes and Computational Chemistry
methods are often reliable enough to replace laboratory
work. But it is also a fact that many more enthalpies of
formation and bond enthalpy data are needed to
improve our understanding of chemical structure and
reactivity, whose relationship is in the core of modern
chemical research [21 ] .

The present interest in Molecular Thermochemistry
is best demonstrated by the variety of recent experimen-
tal techniques, depicted in Figure 2, which have exten-
ded our ability to study the energetics of species like
short-lived ions and radicals. Furthermore, the selected
examples addressed in the following paragraphs show
that the use of "classical" methods, such as calorimetry,
still have a significant and unreplaceable role. The most
classical of them all, combustion calorimetry, is funda-
mental to probe the thermochemistry of molecules such
as buckminsterfullerene. Finally, a single example of an

Figure 2 — Methods used to study the thermochemistry of chemical bonds.
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area where the present thermochemical knowledge is

rather scanty: the solvation of free radicals. The combi-

nation of gas-phase and solution data, obtained from

some of the techniques displayed in Figure 2, will refine

our understanding of the solvent effect on the chemical

behavior of those species.

2. [3-Hydride Elimination

As stated above, bond dissociation enthalpy

data, DH" (M — L) (M = metal center; L = ligand), obtai-

ned from reaction-solution calorimetry experiments,

have been used, by us and others, to investigate trends

in the chemical reactivity of organometallic complexes.

The scope of these studies can be illustrated by the

discussion of the 13-hydride elimination reaction

(Scheme 1), which is the most important decomposition

pathway for transition metal, lanthanide and actinide

alkyl complexes containing 3-hydrogen substituents,

and a key elementary step in many catalytic cycles [22].

For ethyl (Et) and butyl (Bu) derivatives the reaction

can be represented by equations 4 and 5, respectively.

LnM–Et —> L.M–H + H,C=CH 2 	(4)

L„M–Bu Ln M–H + H 2C=CHC 2H5 (5)

Ln M is a coordinatively unsaturated metal complex

with n ancillary ligands, L. The enthalpies of reactions 4

and 5, D , H;; (4) and A , H;; (5), can be related to bond

dissociation enthalpies by equations 6 and 7, respecti-

vely.

Table 1. Enthalpies of P.-hydride elimination reaction for various transi-

tion metal and actinide systems (reactions 4 and 5; see text and

Appendix). Data in kJ/mol.

Complex a

L=Et L=Bu

Th(Cp*) 2L2 82±11 63±14

Th(Cp*) 2 (O-t-Bu)L 94±11 72±18

Th(Cp*),(CI)L 77±11 66±16

Th(Cp*),[OCH(t-Bu) 2 ]L 113±18 102±18

U(Cp*) 2 [OSi (t-Bu) (Me) 2 ] L 109±10 98±14

Zr(Cp*) ZL2 79±7 68±12

Hf(Cp*) 2 L2 94±11 72±15

Mo(Cp) 2L2 51±13 41±17

Mo(Cp)(CO). ;L 55±13 44±15

w(Cp) 2Lz 44±8 33±13

Mn(CO) 5L 76±12 65±16

Rh(tmp)L 104 93

I r(CI) (CO) (PMe,i) 2 (I) L 39+2 20+22

Pt(PR3),(CI)L 51±37 408

a Cp* = rl'-C-Me ; ; Imp = 5,10,15,20-tetrakis (2,4,6-trimethylphenyl)porphy-
rinato dianion.

cyclic alkene from a cyclic alkyl. Recent reaction-solu-

tion calorimetry studies of Zr(Cp) 2 (CI)R (R = H, alkyl)

complexes allow us to make these comparisons (reacti-

ons 8-11) [37].

Zr—H +

(8)

Zr	 Zr—H + \/\/-\

A,H ,;, (4) = DH" (M–Et)+ DH" (C 2H-4H)–DH°(M–H) (6)	 (9)

A,Hm (5) =DH°(M–Bu)+ DH "(C4H–gH)– pH" (M–H)(7)
	 Zr	 Zr—H + \	 /NZ

(10)

Table 1 lists enthalpies of [3-hydride elimination for

various organometallic systems. These values were

calculated from DH ° (C 2 H 4–H) = 151.5±4.0 kJ/mol

[11,13] and DH ° (C4 Hg H) = 144.1±8.0 kJ/mol [11,13],

and from the experimentally measured or estimated

M—H, M—Et and M—Bu bond dissociation enthalpy data

indicated in the Appendix [10,11,23-36]. Analysis of

Table 1 suggests that, with the notable exception of the

rhodium system, the reaction is more endothermic, and

therefore less favorable, for actinides and early transi-

tion metal complexes, than for late transition metal

complexes. In addition, [3-hydride elimination from a

butyl ligand to give 1-butene is more favorable than the

corresponding reaction for an ethyl ligand.

In reactions 4 and 5 a terminal alkene is generated

by [3-hydride elimination. It is interesting to compare the

thermochemistry of this type of reaction with that of a

reaction in which a non-terminal alkene is formed, and

also with the thermochemistry of a reaction that yields a

Zr—H +

The enthalpies of reactions 8-11 are given by equa-

tions 12-15 where Hx = hexyl, Cy = cyclohexyl,

A , H; (8) =DH (Zr–Hx) + DH (1 -hexene–H) – DH (Zr–H)
(12)

H: (9) = DH (Zr–Hx) + DH (E-2-hexene–H) – DH (Zr–H)
(13)

A , Hm (10) = DH (Zr–Hx)+ DH (Z-2-hexene-H) –DH (Zr–H)
(14)

A Hm (11) = DH (Zr–Cy) + DH (CY-hexene-H) – DH (Zr–H)
(15)
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By using, DH°(Zr—H) = 364±5 kJ/mol [37], DH°
(Zr—Hx) = 317±10 kJ/mol [37], DH° (Zr—Cy) = 319±7
kJ/mol [37] , DH° (1-hexene—H) = 141.4±8.2 kJ/mol
[11,13], DH°(E-2-hexene—F1) = 131.0±8.1 kJ/mol [11,13],
DH° (Z-2-hexene—H) = 132.6±8.1 kJ/mol [ 11,13] , DH° (cy-

hexene—H) = 155.1±4.0 kJ/mol [ 11,13] , it is concluded
that A rH°„(8) = 94±14 kJ/mol, A,H°„(9) = 84±14 kJ/mol,
A,H°„(10) = 86±14 kJ/mol, and A,H°„(11) = 110±10
kJ/mol. These results indicate that, at least for this Zr
system, it is less favorable to obtain a terminal alkene
from a linear alkyl ligand coordinated to a metal center
by 0-hydride elimination, than a non-terminal alkene. It
can also be concluded that it is less favorable to gene-
rate a cyclic alkene from the parent coordinated cyclic
alkyl, than a linear (terminal or non-terminal) alkene
from the parent alkyl ligand. Note that, since DH°
(Zr—Hx) DH° (Zr—Cy), this last conclusion is mainly
due to the fact that DH° (cy-hexene—H) considerably
exceeds DH° (1-hexene—H), DH° (E-2-hexene—H), and
DH°(Z-2-hexene—H).

We have been discussing reactivity trends based
on the exothermicity or endothermicity of a reaction,
more exothermic meaning more favorable conversion
of reactants into products. However, as stated above,
the thermodynamic driving force of a chemical reaction
is measured by the Gibbs energy of reaction, which, in
addition to an enthalpic contribution also includes an
entropic term (equation 1). A large and negative A rH°„
(a very exothermic reaction) in conjunction with a large
and positive TA T S°„ will favor the yield of the reaction.

It has already been noted that the enthalpic term
usually dominates the entropic term around room
temperature. This explains why A,,5°„ is frequently igno-
red in the discussion of reaction thermochemistry. In
some cases, however, TA,S°„ makes an important contri-
bution or even determines the sign of A r G°,. For exam-
ple, studies of reaction 16 in tetrahydrofuran, lead to
A rH°„ (16) = -30.5 kJ/mol and TA T S°„ (16) = -31.9 kJ/mol,
at 298.15 K [38]. This corresponds to A r G°„ = 1.4 kJ/mol.
In this case, ignoring the entropic contribution (i.e.
making A,G°, A,H°„) results in an extremely large error
in the value of the equilibrium constant (K = 1.8x105

instead of K= 0.57).

Cr(CO)3(PCy3)2 (sin) + H2 (sin) —> Cr(CO)3(PCy3)2(42-H2) (sln)
(16)

Fortunately, the entropy of a reaction essentially
depends on the net change of the internal and external
degrees of freedom between reactants and products
and not on the types of bonds broken and formed.
Therefore, A,S°„ for organometallic reactions can
frequently be identified with known A rS°„ values for
model organic or inorganic reactions that mimic the
changes in degrees of freedom of the organometallic
reaction [39]. For example, an estimate of the entropy
of reaction 11 can be made by using reactions 17 or 18
as models. The values of TA,S°, at 298.15 K, for reactions

17 and 18, are 42.7 kJ/mol and 45.8 kJ/mol, respectively
[16,40]. Note that, although different reactants and
products are involved in reactions 17 and 18, the corres-
ponding entropy changes are similar. It is therefore
expected that the TA,S°,,, value for reaction 11 can be
identified with the average of the two above values, ca.
44 kJ/mol, with a small error (less than 5 kJ/mol). The
exercise can be repeated for reaction 8 by using reacti-
ons 19 and 20 as models. In these cases, TA TS°„ = 37.9
kJ/mol and TA,S°„ = 42.6 kJ/mol, respectively. The
values are very similar to those obtained for reactions 17
and 18, showing that, in general, for 0-hydride eliminati-
ons an entropic contribution of ca. 35-45 kJ/mol should
be considered. This reaction is thus favored by a TA,S°„
term which may offset A rH°, for late transition metal
systems (Table 1).

(g)	 H2 (g) +

CH3

(g) -1” CH4 (g) +

VW (g) -> H2(g) + %^ (g)
(19)

(g)	 CH4(g) + \7\/ (g)
(20)

3. Alkaline Metal Alkoxides

The thermochemistry of sodium and lithium alko-
xides has been the subject of two publications from our
group [41,42]. This work, which has now been extended
to other metals (K, Rb, Cs, Mg, Ca) [43], is recalled here
to illustrate a typical application of reaction-solution
calorimetry results in the area of solid-state Inorganic
Chemistry. The data will also be used to make a very
brief description of a procedure for estimating standard
enthalpies of formation of inorganic and organometallic
compounds, which we like to call Tina's method, after
our colleague (Clementina Teixeira, 1ST) who first
suggested it.

The standard enthalpies of formation of the crystal-
line compounds MOR, where M = Li or Na, and R is an
alkyl group, have been derived from the enthalpies of
their reactions with water or with aqueous hydrochloric
acid solutions. As shown in Figure 3, when A 1H°„ (MOR,
cr) are plotted against the standard enthalpies of forma-

(g)	 (17)

(g)	 (18)
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Figure 3 — Standard enthalpies of formation of sodium (squares) and

lithium (triangles) alkoxides versus the standard enthalpies of forma-

tion of the corresponding alcohols.

A,- H; (MOR,cr)=aA r H::,(ROH,1) + b (21)

M(g) + RO(g)

M(cr) + RO(g)

M(cr) + 0 .502(g) + YC(cr) + XH2(g)

M+(g) + RO(g) + e (g) 

1 IE(M)+2.5RT	 -EA(RO)-2.5RT

M+ (g) + RO -(g)

(i + 2RT

MOR(cr)

tion of the respective liquid alcohols, A FH°„ (ROH, 1),
good linear correlations are observed in the case of R =
n-alkyl. The relationships are described by equation 21,
which can then be used to estimate enthalpies of forma-
tion of other n-alkoxides by using literature data for
A,H°, (ROH, 1).
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of the alkoxides, through the Born-Haber cycle shown in
Figure 4, or, alternatively, by deriving the heterolytic
MOR bond dissociation enthalpies, DH°(M+— OR"),
through the cycle in Figure 5. It was found that the
lattice energies of the alkoxides are only less than ca.
10% lower than the lattice energies of the hydroxides,
U°(NaOH) = 886.4 kJ/mol and U°(LiOH) =1028.4 kJ/mol,
which have a rather ionic M—OR bond. A similar varia-
tion has been observed for the heterolytic bond dissoci-
ation enthalpies.

The thermochemical cycle in Figure 5 also affords
estimates of the sublimation enthalpies of the alkoxides,
by using the DH°(M—OR) and U°(MOR) data. This is
particularly useful because these quantities are not easy
to obtain experimentally for many ionic-type com-
pounds. It has been concluded that Ascr H°,(MOR) for the
n-alkoxides are in the range of 215-230 kJ/mol [41, 42].
Incidentally, the value calculated for LiOMe, 216 kJ/mol,
together with the experimental value for A FH' (LiOMe,
cr) = -433.02.4 kJ/mol, leads to A,H°,, (LiOMe,g) = -217
kJ/mol, which is in excellent agreement with a theoreti-
cal result derived by Sana et al., -214 kJ/mol [55].

-240	 -220

The method illustrated by this equation has been
applied to numerous organic, inorganic and organome-
tallic families of molecules and subject to a detailed
analysis [18,37,41,42,44-54]. Here only a few aspects will
be emphasized. First, note that the points for R = t-Bu lie
clearly above the line, i.e. their enthalpies of formation
are higher than expected from the enthalpy of formation
of t-butyl alcohol. It has been suggested that these desta-
bilizations may be related to different solid state structu-
res of the alkoxides rather than to steric effects [42].
However, it has also been shown that a simple modifica-
tion of equation 21, which includes the group electrone-
gativities of RO in the molecules MOR (M = Li, Na) and
ROH, allows to fit all the experimental data within a few
kilojoules, indicating that the "high" values have - at
least in part - an electronic origin [42].

Another interesting use of equation 21 is that it
enables to estimate gas-phase MO—R bond dissociation
enthalpies. For the alkoxides that fit the correlation, it is
possible to conclude that the differences DH° (M—OR) —
DH°(RO—H) are approximately constant [41,42]. As the
0—H bond dissociation enthalpies in alcohols fall in a
narrow range, with an average of ca. 499 kJ/mol,
< DH°(Li—OR) > = 394 kJ/mol and < DH°(Na—OR) > =
280 kJ/mol could be derived [41,42].

The strongly ionic nature of the MOR bond has
been confirmed by calculating the lattice energies, U°,

Figure 4 —Born-Haber cycle for alkaline metal alkoxides. IE(M) and

EA(RO) are the ionization energy of the alkaline metal and the adiaba-

tic electron affinity of the alkoxy radical, respectively.

M (g) + RO (g)

DfP(M-0R)	

!EI(M)	 I_E.4(Ro)

MOR(g) 
 DIP(M R) 

 M+( g) + RO -(g)

oRit
	

(P +2RT

MOR(cr)

Figure 5 — Thermochemical cycle for estimating the enthalpies of subli-

mation of alkaline metal alkoxides.

50
	

Rev. Port. Quím. 4 (1997)



4. They came from outer space!

The search for complex molecules in the shell of
gas and dust surrounding red giant stars, and for the
origin of the diffuse interstellar bands, led to what is
probably the most revolutionary discovery in chemistry
in the latest years - the fullerenes [56]. Until 1985, only
six crystalline forms of carbon were known: two forms
of graphite, two forms of diamond, chaoit and
carbon(VI). But in September 1985, a new form of
carbon, C60 , shaped like a soccer ball (Figure 6), was

C60
	

C70

Figure 6 — The structures of the two most famous fullerenes: Cm and C70 .

postulated by a group led by Kroto from Sussex
University, U. K., and Smalley and Curl, from Rice
University, U. S. A. [57]. The existence of this species
was proposed from mass spectral evidence obtained in
experiments involving laser vaporization of graphite in a
laser-supersonic cluster beam apparatus. The Cb0 mole-
cule and the related C70 (Figure 6) were finally isolated
in 1990 by a team composed of Krãtschmer and
Fostiropoulos from the Max Planck Institute of Nuclear
Physics in Heidelberg, Germany, and Lamb and
Huffman, from the University of Arizona, U. S. A. [58].
There is now a whole galaxy of fullerenes, extending
well beyond C 100 , as well as other carbon structures
such as carbon nanotubes. The chemistry of the fullere-
nes is also undergoing rapid development and many
organic, inorganic, and organometallic derivatives have
been prepared [59]. For the discovery of the fullerenes
Kroto, Curl and Smalley were awarded the 1996 Nobel
Prize in Chemistry.

The enthalpies of formation of C60 and C70 are key
values to establish the thermodynamic stability of these
molecules, and also to assess the results of Computa-
tional Chemistry methods that are used to predict the
properties of the fullerenes and their mechanisms of
formation. Microcombustion calorimetric experiments
in our laboratory led to A,H°„ (C60, cr) = 2278.1±14.4
kJ/mol and A,H°„ (C 70 , cr) = 2577.8±16.2 kJ/mol, at
298.15 K [60,61]. Statistical mechanical calculations of

the heat capacities of gaseous C60 and C70 as a function
of the temperature, in conjunction with a critical survey
of the literature data for their heat capacities in the
crystalline state and their enthalpies of sublimation,
enabled to derive the enthalpies of formation of gaseous
C60 and C70 , at 298.15 K [60-62]. The obtained results are
compared in Table 2 with other experimental [60,61,63-
68] and theoretically predicted [69-88] values, reported
in the literature.

The agreement between the experimental results in
Table 2 is far from satisfactory. It is however sufficient to
set reliable upper and lower limits for A,H°, (C60 , g) and
4,1-i°„ (C 70 , g). These limits can be used to assess the
theoretical predictions, which show much larger discre-
pancies (Table 2). In general, the results of the ob initio
methods, or of semi-empirical calculations specifically
parameterized for fullerenes, are closer to the experi-
mental values. It is also interesting to note that the empi-
rical group additivity method of Armitage and Bird [78],
which is based on enthalpy of formation data for polycy-
clic aromatic hydrocarbons, predicts the enthalpies of
formation of C60 and C70 with remarkable accuracy.

The data in Table 2 also indicate that the enthalpy
of formation per carbon atom, A,H°„ In (n = number of
carbon atoms in the fullerene), is smaller for C70 than for
C60 . This conclusion supports the theoretical prediction
that a general tendency exists for a decrease of A,H°„ In,
towards zero, with the increasing size of the fullerenes
[89] - the bigger the fullerene the closer its structure
becomes to that of graphite, which has A,H°„ In = 0. It
also indicates that, at room temperature, C70 is ther-
modynamically more stable than C60.

The carbon-carbon mean bond dissociation
enthalpies, DH' (C,- - C,-) , for C60 and C10 , can be deri-
ved from equation 22. Here, m is the number of bonds
in the fullerene (m = 90 for C60 and m = 105 for C70) and
4,H°„ is the enthalpy of atomization of the fullerene, i. e.
the enthalpy of reaction 23.

DH "(C 	
22

m	 ( )

C„ (g) —> nC (g)	 (23)

The enthalpies of atomization of C60 and C 70 can
be calculated from A,H°„ (C, g) = 716.68±0.45 kJ/mol
[90] and the enthalpies of formation of the fullerenes in
Table 2. When these data are used with equation 22 it
is possible to conclude that DH" (C,- - C, ) is in the range
448.9-450.5 kJ/mol for C €0 and in the range 451.2-453.2
kJ/mol for C70 . Thus, DH" (C, - C,.) is slightly larger in C70
than in Cb0 , as expected from the above conclusion that,
at room temperature, C 70 is thermodynamically more
stable than C60 . For comparison, the bond enthalpy
terms for single, double, and aromatic C-C bonds are
E(C-C) = 357.6 kJ mol, E(C=C) = 556.5 kJ mol, and
E(Ce C b)=498.6 kJ/mol [17].
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Table 2. Comparison between experimental and theoretical results for the enthalpies of formation of C60 and C70 in the gas phase.

A,Hm(g) / (kJ/mol)
,	 Method Reference

C60 C70

1197 1443 MMP2 69

2175 2438 MM2 70

2217 ab initio SCF 71

2611 MNDO calibrated using experimental data for C60 72

2322 2465 Tight-binding hamiltonian 73

2398 2676 MM3 74

2401 2665 MM3 64, 75

2435 ab initio STO-3G and extrapolation method 76

2510 2661 ab initio HF-LYP/DZP//MNDO 77

2653 2714 Group additivity method 78

2785 MNDO calibrated using experimental data for C60 79
2615 2790 ab initio HF/STO-3G 74
2812 ab initio HF/6-31G*/ISTO-3G and group additivity method 80

2884 3051 MNDO calibrated using data for graphite 69, 81
3012 ab initio STO-3G and group additivity method 82

3392 3699 PM3 72, 79, 83
3700 PM3 84

3633 3930 MNDO, standard parameters 72, 79

3637 3954 MNDO, standard parameters 81, 83, 85- 87,
4069 4443 AM 1 72, 79
4072 4485 AM 1 69
4092 PRDDO 88
2459±14a 2788±21b Experimental 60,61
2454±15a 2585±22k Experimental 63
2508±1 7a 2765±22i" Experimental 64
2463±10a Experimental 65
2603±14a Experimental 66
2536±15a Experimental 67
2540±10a Experimental 68

a Calculated using A;',H°„ (CO = 181+2 kJ/mol, at 298.15 K [621.

b Calculated using A^ ,H,, (C 71 = 210±13 kJ/mol, at 298.15 K, selected in reference 61.

5. Energetics of DNA Repair by DNA
Photolyases

Exposure of DNA to ultraviolet radiation results in
the formation of pyrimidine dimers, as a consequence
of a cycloaddition reaction between two neighbor pyri-
midines in the double helix (Scheme 2) [91]. This reac-

tion constitutes the highest quantum yield damage
caused to DNA by UV-light [91]. In a wide variety of
living organisms, the lesion can be reversed, in a light-
assisted process, by enzymes called DNA photolyases
(Scheme 2) [92].

As can be seen in Scheme 2, the repair process
involves the cleavage of a cyclobutane ring. For reac-
tion 24, at 298.15 K, 4,H°„ = 76.5±0.8 kJ/mol [13] and
TA , S°„ = 51.4 kJ/mol [40], implying that A,G°„ = 25.1
kJ/mol. This result could suggest that the repair process
might be endergonic. In order to test this hypothesis and
to understand the driving force of the enzyme action,
the enthalpies of formation of compounds 1 and 2
(equation 25) were determined by microcombustion
calorimetry. The obtained values, A,H°,(1, cr) = -
1006.6±3.7 kJ/mol and A, H°,(2, cr) = -1116.6+3.7 kJ/mol,
lead to an enthalpy of —110.0±5.2 kJ/mol for the clea-   

hv(UV) 

h v (visible)

DNA photolyase

Scheme 2  

O 0
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6. Conclusion

(g) -- II (g) + II (g) (24)

(cr)

N O

s	
L'COOCH3 

N" \

oII

/ \N

 (cr)
N O

L
'COOCH3

2	(25) 

LH3

vage of the model photodimer 1 (reaction 25) [93]. This
reaction should also have a positive entropy contribu-
tion, and therefore, contrary to reaction 24, is exergonic.
In conclusion, although photoenzymes can induce
strongly endergonic reactions through the formation of
a high energy enzyme substract complex, this is not the
case of DNA photolyases, as suggested by our study:
according to the model used, the role of the enzyme is
purely kinetic.

It is also interesting to note that the exothermicity
of reaction 25, when compared to the endothermicity of
reaction 24, reflects the additional strain in the pyrimi-
dine photodimer, when compared to the simple cyclo-
butane ring, and the formation of the more stable delo-
calized double bond in the pyrimidine ring.
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Appendix

The definition of the most common thermochemi-
cal quantities, such as standard enthalpy of formation,
can be found in Physical Chemistry textbooks [ 1 ] .
Other, more specific, thermochemical quantities, refer-
red to in this paper, are discussed, for example, by Cox
and Pilcher [17]. Nevertheless, for the sake of clarity,
some definitions are given below.

Consider the methane molecule. The C-H bond
dissociation enthalpy, DH°(CH 3 -H), is the enthalpy of
the following reaction:

CH4(g) -> CH3 (g) + H(g)

The four examples described in the previous para-
graphs, which stemmed from our own research interests
or were the result of fruitful collaborations with other
groups, illustrate how we have been using thermoche-
mical methodologies to examine several issues in diffe-
rent areas of Chemistry. As hinted by the discussions
above, some of these problems are still being addressed
by more laboratory work. The thermodynamic stability
of organometallic substances and metal-ligand bonds,
for instance, which has been at the center of our rese-
arch interests for many years, still plays a significant role
in our group's activity. Besides new experiments and the
development of estimation methods, the work in this
area now includes a general critical analysis of all the
data available in the literature [12].

The above case-studies involved only the two main
techniques that so far have been used in our research -
reaction-solution calorimetry and microcombustion
calorimetry. More recently, other experimental methods
(photocalorimetry, photoacoustic calorimetry, and ion-
cyclotron resonance mass spectrometry) have been
added to our thermochemical tools, allowing to extend
the range of problems we wish to address. Photocalori-
metry has enabled to probe the thermochemistry of
some light-induced reactions [94]. Photoacoustic calori-
metry, and ion-cyclotron resonance mass spectrometry
will enable, for example, to investigate the solvation
energetics of transient species.

The mean C -H bond dissociation enthalpy,
DH°(C-H) , is one fourth of the enthalpy of atomization
of methane:

CH4(g) -› C(g) + 4H(g)

The concept of bond enthalpy term, E, can be
better illustrated by using ethane as an example. The
C-C and C-H bond enthalpy terms in this molecule are
the quantities whose sum reproduces the enthalpy of
atomization of C 2H 6 . In this atomization reaction, one
C-C bond and six primary C-H bonds are cleaved:

C,H6(g) -+ 2C(g) + 6H(g)

0 H;; = E(C-C)+6E(C-H) P

All species above are in their standard states and at
298.15 K.

Bond dissociation enthalpies (and bond enthalpy
terms) should only be defined in the ideal gas phase
because otherwise they would be affected by intermole-
cular interactions. However, from a practical point of
view, solution-phase bond dissociation enthalpies, DH;¡„ ,
are often used, since many important reactions occur in
solution. Also, reliable solvation enthalpy data are very
scarce, hindering the calculation of gas phase values
from solution experiments. The C-H bond dissociation
enthalpy of methane in solution, DH;¡ ° (CH, -H), would
be defined as above, with all the species (reactant and
products) in solution, at infinite dilution.
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Appendix - Bond dissociation enthalpies for various transition metal and actinide complexes [10,11,23-36]. Data in kJ/mol.a

Complex
DH°(M - L) or	 DH ° (M - L)

L=H L=Et L=Bu

Th(Cp*)2L, (388±6)b 318±8 307±9

Th(Cp *) 2(O-t-Bu)L (388±6)h 330±8 316±15

Th(Cp*)2(C] )L (388±6)h 313±8 (310±12)°

Th(Cp*)2[OCH(t-Bu) 2]L 389±6 (3501±7)d 347±15

U(Cp*) 2 [OSi(t-Bu)(Me)2]L 342±5 (299±7)e (296±10)e

Zr(Cp*)2L, 339±2 (266±5)r (263±8)1

Hf(Cp*)2L, 346±7 (288±8)g 274±10

Mo(Cp),L, 257±8 156±9 154±12

Mo(Cp)(CO),L 282±6 (185±11)h (182±11)b

W(Cp)2 L2 311±4 (203±5)' (200±9)'

Mn(CO)S L 245±10 (169±641 (166±941

Rh(tmp)L 251 203 (200)k

Ir(C1)(CO)(PMe3 ) 2 (I)L C + (109±15)l C - (41±0) [C - (15±14)]m

trans-Pt(PR 3),(Cl)H 307±37 (R = Ph) 206 (R = Et) (203)"

Values in parentheses are estimates.
h Average of DH" (Th — H) = 384±6 kJ/mol in Th(Cp*) 2 [0-2,6-(t-Bu) 2C 6H 3 ]H, DH"(Th—H) = 389±6 kJ/mol in Th(Cp*) 2 [O-CH(t-Bu),]H, and DH" (Th-H) =

390 kJ/mol in [Th(Cp*) 2 H] 2 .

Estimated from OH' (Th-Et) = 313±8 kJ/mol, DH" (Et-H) = 421±4 kJ/mot, and DH` (Bu-H) = 418 kJ/mol, by assuming that DH° (Th—Et) DH' (Th-Bu)

= DH" -(Et-H) DH' (Bu-14).

d Estimated from DH" (Th-Bu) = 347±15 kJ/mol, by using the assumption in note c.

e Estimated from OH' (U-Me) = 317±6 kJ/mol, in U(Cp*) 2 [OSi(t-Bu)(Me),]Me, DH"(Me—H) = 439.4±0.8 kJ/mol, OH" (Et-H) = 421±4 kJ/mol, and OH"

(Bu-H) = 418±8 kJ/mol, by assuming that DH"(U —Me) — DH" (U-Et) = DH"(Me—H) DH" — (Et-H) and OH" (U-Me) - DH"(U—Bu) = DH° (Me—H) - DH"

(Bu-H).

f Estimated from DH" (Zr-Me) = 284+2 kJ/mol, in Zr(Cp*) 2Me2 , by using the method described in note e.

s Estimated from DH"(Hf—Me) = 306±7 kJ/mol, in Hf(Cp*) 2 Me2 , by using the method described in note e.

h Estimated from DH° (Mo—Me) = 203±8 kJ/mol, in Mo(Cp)(CO) 3Me, by using the method described in note e.

Estimated from DH"(W-Me) = 221 kJ/mol, in W(Cp) 2Me2 , by using the method described in note e.

I Estimated from D  (Mn-Me) = 187±4 kl/mol, in Mn(CO) SMe, by using the method described in note e.

k Estimated from DH" (Rh-Et) = 203 kJ/mol, in Rh(tmp)Et, by using the assumption in note c.

C is an arbitrary constant.

e Estimated from DH" (Ir-Me) = C + (6±11) kJ/mol in Ir(CI)(CO)(PMe 3) 2 (1)Me, using the assumption indicated in note e.

" Estimated from DH" (Pt-Et) = 206 kJ/mol in trans-Pt(PEt3)2(CI)Et, using the method indicated in note c.
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