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Abstract: We studied Ar, Kr, CO, and N, going into and out of a chemically opened fullerene, 1. We
measured the equilibrium constant, K, for the formation of X@1. K, is particularly large for Ar, probably
due to the large van der Waals attraction between the Ar atom and the fullerene cage. We measured rate
constants and activation energies for the unimolecular reaction X@1—X + 1 (X = Ar, CO, N,). The reactions
show an unusually small pre-exponential factor, probably due to the loose binding of X inside the cage.

Introduction

Putting an atom or molecule into a very small container can
alter its physical and chemical characteristics. This has been
done using zeolites,' > carcerands, and fullerenes.’'" For
many years we have used a high-pressure, high-temperature
method to put noble gases and small molecules inside
fullerenes.” ' The problem with this method is that we get
only 1% or less of the fullerene molecules to contain the atom.
This is far below the equilibrium incorporation calculated from
theory.'?”'® Indeed, if we take the result of one run and use it
as the starting material for another run, we double the
incorporation fraction,'® showing that 1% is well below the
equilibrium amount. A more recent approach involves molecular
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surgery, where a hole in the fullerene is opened by a series of
chemical reactions. The first open-cage fullerene was prepared
by Wudl et al.,*° but the hole was not large enough to pass
helium at any temperature that did not decompose the com-
pound. Rubin et al. opened a larger hole that allowed both
helium and hydrogen to pass through.>'*> We used *He NMR
to monitor the kinetics of 3He escape and measured the
activation energy. Komatsu et al. then opened another hole.?**
We studied the kinetics for the escape of *He and also measured
the equilibrium constant, since helium went in and out suf-
ficiently easily.?® In the case of H,, the Komatsu group was
able to fill almost all the molecules with H, under high pressure.
Then, in a series of reactions, they closed the hole to produce
H,@Cg.2° Iwamatsu has produced Cg derivatives with 16- and
20-membered rings at the opening.”’2° The larger of these was
found to spontaneously incorporate water, even at room tem-
perature and from solvents containing little water.>’** This
compound can also be filled with CO?! and NH,.*? Here, we
examine putting Ar, Kr, CO, and N, inside. We measure the
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Figure 1. Iwamatsu’s open-cage fullerene with a 20-membered ring, 1.

Table 1. Conditions for the Incorporation Reaction

gas solvent T (°C)
Ar TCE“ 140
Kr ODCB’ 190
CcO TCE* 100
N, TCE“ 140

@ 1,1,2,2-Tetrachloroethane. ” o-Dichlorobenzene.

kinetics for the escape reaction to obtain the barrier for going
through the opening. We also measure the equilibrium constants
for the incorporation. Since the inside of the molecule closely
resembles the interior of Cg, the equilibrium constant should
be close to the equilibrium constant for the incorporation into
unmodified Cg. There have been several calculations predicting
the equilibrium constants for Cg, but no measurements.'?”'®
AD initio calculations are very difficult in that they require a
very accurate potential energy for interaction of the molecule
with the Cg cage. One of the main contributors to this potential
is the van der Waals attraction. Including this requires the use
of electron correlation and a very large basis set.'

Iwamatsu’s open-cage fullerene with a 20-membered ring,
1, is shown in Figure 1. There are two sets of methylene protons
on the rim of the orifice that give four doublets in the 'H NMR
spectrum. Two of these protons are sufficiently close to an
included atom or molecule that the doublets are shifted upfield
when the fullerene is filled.*! Thus, we can use ordinary 'H
NMR to measure the fraction of 1 that contains a guest. We
can easily measure the equilibrium constant and follow the
kinetics for the escape of the guest.

Experimental Section

Compound 1 was prepared as in the literature.?”-*® The incor-
poration reaction was carried out by dissolving several milligrams
of 1 in a suitable solvent (see Table 1) and putting it into a high-
pressure vessel. The vessel was then pressurized with the gas and
held at a suitable temperature for a few hours. It was then cooled
and depressurized. The choice of solvent and temperature, of course,
depended on the gas. Table 1 gives the conditions. Two different
high-pressure vessels were used. Some experiments employed a
homemade device made of thick stainless-steel pipe, capable of
withstanding 15 atm; others used an autoclave which could be
connected directly to a gas cylinder without a regulator. For Ar,
CO, and N,, we used the full cylinder pressure (typically 80—100
atm or more). For Kr, this would be too expensive. Since Kr is
condensable, we cooled the vessel with liquid nitrogen and
condensed a known volume of Kr into it. Warming it up to the
running temperature gave a pressure of 180 atm. In each case, we
let the system stay at the high pressure for 18 h or more and then
cooled it and released the pressure. Each of the products of the
incorporation reaction was characterized by electrospray ionization

. 1 A ] . 1 . ] .
3.10 3.05 3.00 2.95 2.90 2.85

Chemical Shift (ppm)

Figure 2. Proton NMR of Ar@1, showing the two protons in the throat
after heating at 90 °C for varying times, allowing the Ar to escape: A,
initial; B, 1.4 h; C, 2.8 h; D, 5.5 h.

(ESI) mass spectrometry. The mass spectrum had a series of peaks
starting at m/e = 1172 and going to higher mass, due to empty 1
containing varying numbers of '3C’s. A second series of peaks
appeared at the mass corresponding to X@1. Ionization of X@1
can cause the loss of X, particularly if the barrier for escape is
small. Therefore, the fraction of 1 containing X is an upper limit.
ESI was chosen, since it puts less energy into the ion than most
other methods. Several spectra are shown in the Supporting
Information.

Proton NMR spectra were taken at 400 MHz in CDCl;. The full
NMR spectra were identical to the spectrum for empty 1, except
for the lines due to the two methylene protons in the throat. Each
of these is split due to the coupling to the neighboring hydrogen.
The doublet for one of the methylene protons at the throat is seen
at ~3 ppm. When an atom or molecule is inside 1, these lines shift
upfield. Figure 2 shows this region of the spectrum for various
concentrations of Ar inside 1. The shift is such that the left-hand
peak for the doublet from Ar@1 almost exactly coincides with the
right-hand peak of empty 1. Thus, in the figure there are only three
peaks. The area under the left-hand peak is proportional to the
concentration of 1; the area under the right-hand peak is proportional
to the concentration of Ar@1; and the area of the center peak is
proportional to the sum of the two concentrations. The Supporting
Information shows a larger view of this region of the NMR
spectrum.

The kinetics for the escape reactions were studied by dissolving
the samples in CDCl; and sealing them in NMR tubes under
vacuum. After taking the initial NMR spectra, the samples were
heated in an oil bath, and subsequent spectra were acquired. This
process was repeated until all the gas escaped.

The opening in 1 is so large that Ne goes in and out rapidly at
room temperatures. We were able to study the kinetics for Ne escape
from Iwamatsu’s open-cage fullerene with a 16-membered ring, 2,
shown in Figure 3. A few milligrams of 2 was wrapped in aluminum
foil and placed into a high-pressure autoclave. The autoclave was
filled with 500 atm of Ne and then heated to 180 °C. The pressure
rose to 825 atm. After 9 h the autoclave was cooled and the sample
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Figure 3. Iwamatsu’s open-cage fullerene with a 16-membered ring, 2.

removed. ESI mass spectrometry showed that 42% of 2 contained
Ne. The Supporting Information shows the mass spectrum and the
NMR spectrum. The kinetics for escape were followed by dissolving
the sample in o-dichlorobenzene and heating portions of it to 120
°C and higher. Aliquots were analyzed by ESI mass spectrometry.

Equilibrium constants were measured by holding the sample in
the autoclave at high pressure for a time much longer than the half
life. The largest source of error was the accuracy of the pressure

gauge.
Results and Discussion

Kinetics. The rate of escape of Ar from Ar@1 was measured
at 60, 70, 80, and 90 °C. The half-lives ranged from 1.73 h at
90 °C to 30.1 h at 60 °C. Figure 4 shows the Arrhenius plot.
The least-squares fit gives

In k,, = (23.0 4 0.95) — (11600 & 331)K/T (1)

with R? = 0.9984. This corresponds to an activation energy of
96.7 £ 3 kJ/mol (23.1 £ 0.7 kcal/mol). The pre-exponential
factor is log;pA = 10.0 £ 0.41.

Similar data were taken for N, and CO. Data for N, were
taken at 60, 70, 80, and 90 °C, giving half-lives of 0.299 h at
90 °C and 3.80 h at 60 °C. The Arrhenius fit gave

In ky, = (19.7 £2.37) — (9860 &+ 825)K/T 2)

with R?> = 0.9862. The activation energy and pre-exponential
factor are given in Table 2. Data for CO were taken at 40, 50,
60, and 70 °C, giving half-lives of 0.39 h at 70 °C and 8.0 h at
40 °C. The Arrhenius fit gave

In koo =(23.9 +£0.42) — (10800 + 138)K/T 3)

with R? = 0.9997.

We were unable to study the kinetics for Kr@1. No suitable
high-boiling solvent was available. We also suspected that the
reaction would require temperatures so high that the compound
would decompose.

Kinetic data for Ne escape from 2 were followed by ESI mass
spectroscopy, and the measurements were somewhat less
accurate than for the other systems. The Arrhenius fit gave

In ky, =22.36 — 12700K/T 4)

with R? = 0.9737.

Table 2 lists all the activation energies and pre-exponential
factors for this and for previous work on escape from other open-
cage fullerenes.

(33) Iwamatsu, S.-i.; Murata, S.; Andoh, Y.; Minoura, M.; Kobayashi, K.;
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3394 J. AM. CHEM. SOC. = VOL. 131, NO. 9, 2009

-9

In(k)

11+

12 L !
0.0027 0.0028 0.0029 0.0030

1T

Figure 4. Arrhenius plot of the escape of Ar from 1.

Table 2. Activation Energies and Pre-Exponential Factors for
Escape from Open-Cage Fullerenes

activation energy

system? kJ/mol kcal/mol logio A ref
‘He@R14 103 £3.3 24.6 +0.8 9.6 22
‘He@K13 95.8+29 229+0.7 112405 25
H,@K13 144429 343+0.7 11.8+0.3 23
H,@I116 99.2 23.7 10.8 33
Ne@I16 106 + 6.7 253+ 1.6 9.70 £ 1.6
Ar@I20 96.7 £ 2.9 23.1+0.7 10.0 £ 041
N,@120 82.1+6.7 19.6 £ 1.6 8.6+ 1.0
CO@I20 90.0 £+ 1.3 21.5+03 104 £ 0.2

“Open-cage fullerenes: R14 (Rubin’s 14-membered ring), K13
(Komatsu’s 13-membered ring), 116 (Iwamatsu’s 16-membered ring, 2),
120 (Iwamatsu’s 20-membered ring, 1).

Two trends are obvious. As the included atom or molecule
gets larger, the activation energy increases, and, as the hole
gets larger, it decreases. The number of atoms surrounding
the hole, while important, is not decisive. The shape and
three-dimensional structure are also important. Note that *He
has a lower barrier for escape from K13 than from R14,
although the hole in R14 is nominally larger. It is interesting
that CO, which is isoelectronic with N,, has a larger activation
energy, although only just beyond the experimental uncer-
tainty. Also, H, has a larger barrier in getting out of K13
than *He. One might imagine that H, could squeeze through
along the long axis with a smaller barrier. The most unusual
features of the data are the small pre-exponential factors.
Generally, for a unimolecular reaction A = 10'? to 10'3 57,
Eyring’s transition state theory gives,

keT g ;
k=— " exp(—AE"/kgT) 5)
h q,

where kg is Boltzman’s constant, ¢ is the partition function
for the transition state, excluding the reaction coordinate, and
g, is the partition function for the reactants. At 300 K, kg7/h =
6 x 10" s7!. In most reactions the vibration frequencies decrease
slightly in going from reactants to the transition state. Since
the vibrational partition function is usually close to one, the
ratio of partition functions in eq 5 is usually close to one. In
the present case, the reactant is only loosely held inside the
cage. A molecule can rotate freely inside, and the force constant
as it moves away from the center is very small. Calculations
for He@Cg, show that the potential is quite flat at the center
and nearly quartic rather than quadratic.'*'> This means that ¢,
can be much larger than one. In the transition state, however,
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Table 3. Equilibrium Constants

system? Keq atm™' T (°C) ref
‘He@K13 34 x 1074 60 25
H,@K13 0.006 200 23
Ne@I16 9x 1074 180
Ar@I120 0.20 130
Kr@120 0.06 190
N,@I120 0.12 100
CO@I120 0.06 100

“ Open-cage fullerenes: R14 (Rubin’s 14-membered ring), K13
(Komatsu’s 13-membered ring), 116 (Iwamatsu’s 16-membered ring, 2),
120 (Iwamatsu’s 20-membered ring, 1).

the atom or molecule is severely constrained. Thus, the pre-
exponential factor is smaller than in most unimolecular reactions.

Equilibrium Constants. Measurement of the equilibrium
constant for the incorporation is simple. We just expose 1 to
the gas of interest at a known pressure for a long time. We
then cool the sample to freeze the equilibrium and take the
NMR. From the relative areas of the methylene peaks, we can
determine the incorporation fraction and then the equilibrium
constant,

[X@1]
K =
4= [1pg,

Of course, we have to wait until equilibrium is established.
Except for Kr, we have the kinetic data that tells us how long
to wait. In the case of Kr, we did several runs at 190 °C and
measured the amount of incorporation. Waiting 20 h gave a
constant level. Accuracy is limited by the pressure gauge used.
The measured equilibrium constants are tabulated in Table 3.

Ideally, the equilibrium constants should have been measured
at the same temperature. However, at 190 °C, which is needed
to get Kr into 1, there is appreciable decomposition, and this is
why we could not study the kinetics for the escape reaction.
Since the interior of 1 is fairly similar to the interior of Cgo,
these equilibrium constants should be similar to those for Cg.
Calculations on Cg have shown that helium basically rattles
around, vibrating with a large amplitude.'> The potential is quite
flat at the center of the cage, rising rapidly at the edge. It is
anharmonic, although not a hard wall. Calculations are difficult,
because an important part of the interaction is due to the van
der Waals attraction; thus, the calculation requires electron
correlation and the use of a large basis set. The energy of

(6)

He@Cq is very slightly less than the energy of He + Cg. As
the noble gas atom gets larger, there is less room, and the
equilibrium constant should get smaller. However, the van der
Waals attraction becomes stronger, and the incorporation
reaction becomes more exothermic. This increases K. It would
appear that Ar is fairly strongly bound, and that Kr, while bound,
is large enough that the potential is less attractive. Even Xe fits
inside the cage, as we have made Xe@Cq,>*** but we could
not get Xe to fit through the opening in 1. In principal, we could
measure K, over a range in temperatures to get AH for the
reaction. In practice, the uncertainties in K. are too large, and
the available range in temperature is too small. If the sample is
cooled too much, we cannot reach equilibrium in a reasonable
amount of time. If it is heated, 1 will decompose.

In summary, we have measured the rates of escape of atoms
and small molecules from an open-cage fullerene. These studies
present model systems for particles of various sizes moving
through constrictions with low barriers. We have also obtained
the equilibrium constants for the incorporation of the atoms and
molecules. These should be similar to the equilibrium constants
for Cgyp. Bear in mind that no formal chemical bonds exist
between the guests and the fullerenes. Thus, our results reveal
the importance of the van der Waals contributions to these
interactions.
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