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Abstract

The water monomer and dimer encapsulations into D2(22)-C84 fulle-

rene are evaluated. The encapsulation energy is computed at the M06-

2X/6-31++G** level and it is found that the monomer and dimer storage

in C84 yields an energy gain of 10.7 and 17.4 kcal/mol, respectively. En-

capsulation equilibrium constants are computed using partitions functions

based on the M06-2X/6-31G** and M06-2X/6-31++G** molecular data.

At high-temperature/high-pressure conditions similar to encapsulation of

rare gases in fullerenes, the computed (H2O)2@C84 to H2O@C84 ratio is

close to 1:2.

Just fifty years ago, Harry P. Schultz [1] carried out the very first com-

putational stability evaluations for fullerene or pseudo-fullerene deriva-

tives. He selected cage hydrocarbons (he called polyhedrans) based on Pla-
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tonic or Archimedean polyhedra, including C60H60 - fully hydrogenated

fullerene C60. His fifty years old predictions based only on a very simple

molecular mechanics reasonably agree with the present day advanced cal-

culations [2]. They both point out the well known synthetic hydrocarbon

dodecahedrane C20H20 as the most stable while C60H60 is the third (and

comes before another synthetic polyhedrane - cubane C8H8). However,

his pioneering work has almost entirely been ignored by fullerene histori-

ans though otherwise they have properly credited other ancient theoreti-

cal works [3-5] on C60 (and also computations on smaller carbon clusters

[6-8]) that appeared in the fullerene prehistorical era before the C60 obser-

vation [9] in 1985. In more recent times, the calculations indeed frequently

support [10] experiment interpretations. While remembering the Schultz

groundbreaking paper [1], it would be thus in his spirit to predict sta-

bility of a new species, and it is done here on C84 fullerene containing

encapsulated water dimer.

Actually, encapsulation of non-metal species inside the fullerene cages

has been studied, for example as N2@C60 and N2@C70 [11-13]. Endo-

hedrals with rare gas atoms, in particular with He, were produced using

[14-16] high temperatures (650oC), high pressures (3000 atm) and a cat-

alyst. Moreover, molecular hydrogen [17] and even a water molecule [18]

were placed inside open-cage fullerenes, further on closed synthetically

[19,20]. Such fullerene encapsulations of non-metals have also been com-

puted [21-25].

C84 has twenty four [26] isolated-pentagon rule (IPR) isomers, two

major isomers of D2 and D2d symmetries are labeled as 22 and 23, re-

spectively, or D2(22)-C84 and D2d(23)-C84 (though some minor isomers
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are also known [27]). The D2 and D2d isomers were prepared [28] in a

ratio of 2:1 and can be separated by recycling chromatography [29]. The

D2d structure has the lowest energy [30] among the C84 IPR isomers, how-

ever, owing to entropy effects it is still less populated. At a temperature

of 1000 K, the D2(22)-C84 isomer is computed [31,32] as 60.3% while the

D2d(23)-C84 species as only 34.2% in the IPR isomeric mixture. Therefore,

the focus here is on the D2 isomer.

The water dimer has vigorously been studied as an H-bond model and

also as a component of Earth’s [33] and cometary [34,35] atmospheres. It

has been established that the dimer mole fraction [36] in saturated steam

increases with increasing temperature. It may be a surprising result but in

fact it can easily be rationalized. While the equilibrium constant for the

dimer formation decreases with temperature, the saturated pressure grows

faster. The saturated steam is a well defined system and therefore it is

also used here. The water dimer formation will be described by the usual

dimerization equilibrium constant Kp,2 in terms of the partial pressures

of the components:

2H2O(g) ⇀
↽ (H2O)2(g), Kp,2 (1)

The monomeric and dimeric water encapsulations are similarly described

by the encapsulation equilibrium constants Kp,m and Kp,d:

H2O(g) +D2(22)− C84(g)
⇀
↽ H2O@D2(22)− C84(g), Kp,m (2)

(H2O)2(g) +D2(22)− C84(g)
⇀
↽ (H2O)2@D2(22)− C84(g), Kp,d (3)

The key term evaluated here is the ratio between the equilibrium popula-

tions (expressed by the partial pressures pi) of the C84 endohedrals with

the water dimer and monomer:

3



p(H2O)2@C84

pH2O@C84

=
p(H2O)2 Kp,d

pH2OKp,m

=
Kp,d

Kp,m

pH2OKp,2 (4)

Under the equilibrium conditions, the monomer pressure roughly equals to

the saturated steam pressure Psat, however, more precisely it is the term

after the subtraction of the water-dimer molar fraction x2, (1 − x2)Psat

(if higher water oligomers are ignored).

The structural and energy data for the encapsulation equilibrium con-

stants are calculated using the M06-2X density functional with the stan-

dard 6-31++G** basis set (M06-2X/6-31++G**). The partition func-

tions are of the usual rigid rotor and harmonic oscillator quality and

the vibrational frequencies are from simpler M06-2X/6-31G** approach.

All the calculations are carried out with the Gaussian program package

[37]. The M06-2X/6-31++G** encapsulation energies with inclusion of

the basis set superposition error (BSSE/CP2) and so-called steric correc-

tion [38] are given in Table 1. Incidentally, the BSSE/CP2 term reduces

the gain in the monomer and dimer encapsulation energy by 2.20 and 3.96

kcal/mol, respectively. Although the water-dimer encapsulation gives a

larger potential-energy stabilization, the difference is somewhat compen-

sated by the entropy terms. The cage influences the water dimer confor-

mation (Fig. 1) which is otherwise trans for the free species. However, the

encapsulated trans arrangement is higher in energy only by 0.08 kcal/mol.

The encapsulates in various endohedrals undergo relatively free motions

which is responsible for reconstruction of the cage symmetries known from

NMR spectroscopy. The fully optimized H2O@C84 and (H2O)2@C84 ag-

gregates exhibit just C1 static symmetry. However, in order to reflect the
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fast internal motions, it is more realistic to describe the aggregates by the

dynamic D2 symmetry (especially for the Kp,m and Kp,d terms).

The water dimerization constants are generated [37,39] at a higher,

G3&MP2=/AUG-cc-pVQZ computational level. In fact, comparison be-

tween the observed and calculated standard Gibbs-energy changes ∆Go
T,2

shows that the calculated curve looks like a best fit through the experi-

mental points. The calculated Kp,2, Kp,m, Kp,d terms are together with

the observed saturated-steam pressures [40] applied in Eq. (4) in order

to get the required ratios between the equilibrium populations of the C84

endohedrals with the water dimer and monomer (Table 2). The interplay

of the equilibrium characteristics produces a relatively uniform picture.

In the equilibrium high temperature and high pressure regime the ratio

between the endohedrals with dimeric a monomeric water should be close

to 1:2.

The calculations suggest that the high temperature and high pressure

technique [14-16] could also be used for water monomer and dimer encap-

sulation into higher fullerenes like C84 (C60 is too small [39] to encapsulate

the dimer). The temperatures are likely to go over the critical point (when

saturation is not possible and pressures become arbitrary). The high tem-

peratures (and catalyst) allow for a temporary window in the cage, yet

they cannot be too high to prevent a larger cage destruction and water

dissociation. Although the first observations are to be done in laboratory,

the recent final confirmation [41] of C60 in the interstellar space allows

to search there for fullerene cages with the smallest water droplets inside,

too.
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Table 1. The M06-2X/6-31++G** encapsulation energies ∆Eenc for

water and water dimer encapsulation into D2(22)-C84

Endohedral ∆Eenc (kcal/mol)

H2O@C84 -10.69

(H2O)2@C84
a -17.37

a See Fig. 1.

10



Table 2. The population ratios in the saturated steam for D2(22)-C84

endohedrals with encapsulated water dimer and monomer at selected

temperatures T

T (K)
p(H2O)2@C84

pH2O@C84

500.0 0.850

600.0 0.690

647.096 a 0.637

a The critical temperature.
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Fig. 1. The M06-2X/6-31++G** optimized structure of (H2O)2@D2(22)-C84;

the hydrogen bond 1.756 Å, the shortest O-C contacts 2.935 and 3.058 Å.
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dohedrals; Clusters in saturated vapors; Computational evaluations.

Table of Content text and figure (the figure is the same as Fig. 1):

The smallest water drop in a molecular barrel: Computations predict that

the water monomer and dimer can be encapsulated into a C84 fullerene cage

by means of high temperature and pressure, thus conserving the hydrogen-bond

species.
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