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ABSTRACT: Kinetic and thermodynamic properties of water
encapsulation from organic solution by an open-cage
[60]fullerene derivative have been investigated. 2D exchange
NMR spectroscopy (EXSY) measurements were employed to
determine the association and dissociation constants at 300330 K (ka = 4.3 M-1 ! s-1 and kd = 0.42 s-1 at 300 K) in
1,1,2,2-tetrachloroethane-d2 as well as the activation energies
(Ea,ass = 27 kJ mol-1, Ea,diss = 50 kJ mol-1). The equilibrium
constants and thermodynamic parameters in various solvents (benzene-d6, 1,2-dichlorobenzene-d4, and dimethylsulfoxide-d6) were
estimated using 1D-1H NMR spectroscopy. The parameters were dependent on the polarity of the solvent; ΔH depended linearly
on the solvent polarity, becoming increasingly unfavorable as polarity increased. Mixtures of polar dimethylsulfoxide-d6 in less polar
1,1,2,2-tetrachloroethane-d2 showed a similar trend.

carbon-carbon bonds of the `cage’ must be cleaved by organic
reactions designed to aﬀord either resealable or permanent openings. Openings of this size permit the insertion of noble gas atoms
(He, Ne, Ar, and Kr) and small molecules (H2, N2, CO, H2O, NH3,
and CH4) inside the host.20-26 Generally, high temperatures and
pressures are employed for insertion, so that the guest remains
inside once ambient conditions are returned. Fullerenes with larger
openings, like compound 1 (Figure 1), have also been shown to
spontaneously encapsulate a single H2O from organic solution.13
This behavior is intriguing; the supposedly hydrophobic cage
interior must be somehow stabilizing the H2O, as the loss in
entropy alone should preclude this. Exploration of this phenomenon could provide insight into dynamics of H2O into and out of
conﬁnement, the energetics of the process, and perhaps yield new
ideas to drive and direct water in hydrophobic spaces.
Enthalpic forces should be driving the spontaneous H2O
encapsulation by 1. To date, however, only the following
experimental evidence has been found: (1) A residual water
molecule in a solvent is spontaneously encapsulated by 1, without any additional force. (2) The fraction of H2O@1 to empty 1
is generally in the range of 50-75% in a solution, and it is
dependent on the water content of a used solvent. (3) The
trapped water molecule shows rapid exchange with another H2O

’ INTRODUCTION
The topic of conﬁnement of water in hydrophobic spaces may
seem academic or perhaps counterintuitive, but it is a subject of
increasing importance.1,2 Additionally, molecular encapsulation
has widespread applications in molecular recognition and catalysis, as well as protecting encapsulated molecules from degradation in their surrounding environment. Nonpolar or weakly polar
pores capable of capturing water exist in many protein channels
and proton pumps.2-4 The escape of water from protein
structures has signiﬁcant implications for the kinetic stability
and functionality of proteins, for instance, the motion of H2O out
of hydrophobic spaces drives the type I Ca2þ secretion switch.5
Furthermore, it has been postulated that motions of ﬂuids like
water through porous nanostructures could be harnessed to
generate clean electricity, employing the ambient mechanical
motions and heat.6-10 In these conﬁned regimes, water behaves
diﬀerently than in bulk phases. It is therefore of vital importance
that the interactions between water and hydrophobic spaces be
understood and characterized.
A wide variety of systems have been developed to trap small
amounts of water molecule(s). Successful capsules include
oligomer or polymer helices,11 some cavitands,12 and chemically
opened fullerenes.13-19 The last fullerenes are generally described as open-cage fullerenes.20-23 The inner sphere of the
most abundant fullerene, C60, has been estimated to be approximately 3.5 Å in diameter,20 similar to common desiccants, 3- or
4-Å molecular sieves. To access the closed interior of a fullerene,
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Figure 1. Open-cage fullerene, 1.

(or D2O) in a solvent. (4) X-ray crystal structures have veriﬁed
the presence of an H2O inside a similar cage.23
Herein, we report kinetic and thermodynamic properties of
this process. The protons of water and functional groups in 1
make analyses possible using 1D 1H NMR and 2D 1H-1H EXSY
(EXchange SpectroscopY) spectroscopies; standard diﬀerential
scanning calorimetry (DSC) can also be employed. The former
have been widely employed for the kinetic and thermodynamic
investigations in host-guest chemistry. The eﬀect of various
solvents on encapsulation will also be tested.

Figure 2. 2D 1H-1H EXSY of the encapsulation of H2O by 1 in TCEd2 at 300 K.

Q100 differential scanning calorimeter.14 All measurements were
conducted under a nitrogen atmosphere (50 mL/min) using the
cyclic cooling/heating program as follows: (1) Purge with nitrogen
gas for 10 min at 35 !C, (2) cool the sample to -40 !C by 10 !C/min
ramping and hold that temperature for 10 min, (3) heat to 200 !C
by 10 !C/min ramping and hold that temperature for 10 min,
(4) cool to -40 !C by 10 !C/min ramping and hold for 10 min,
(5) heat to 200 !C by 10 !C/min ramping and hold for 10 min,
and (6) cool to 35 !C by 10 !C/min ramping.

’ METHODS
Sample Preparation. Compound 1 was synthesized according to the published methods.13,20 Typically, 50-75% (depends
on the solvent) of the dissolved 1 encapsulate one H2O molecule
to form H2O@1 in a solution at ambient temperature. NMR
solutions were prepared using 0.5-4 mg of the purified 1 per
500 μL of an NMR solvent, depending upon solubility of 1.
1,1,2,2-tetrachloroethane-d2 (TCE-d2), 1,2-dichlorobenzene-d2
(ODCB-d4), benzene-d6 (C6D6), and dimethylsulfoxide-d6 (DMSOd6) were chosen as the solvents. A series of mixed solvents of TCE-d2
and DMSO-d6 were prepared with the following ratios; TCE-d2 (μL):
DMSO-d6 (μL) = 475:25, 450:50, and 425:75. Each solution was
placed in an NMR tube, evacuated to less than 1 Torr, and flame-sealed
before measurements.
2D 1H-1H EXSY NMR Spectroscopy. 2D 1H-1H EXSY
spectra27,28 were taken of 1.0-6.0 mg of 1 in 500 μL of 1,1,2,2tetrachloroethane at 300, 310, 320, and 330 K on a Bruker
Avance III 400-MHz spectrometer. Mixing times of 2.50, 2.00,
1.80, and 1.25 s, respectively, were used. Typically, resolution of
2048 ! 128 was selected, and 12 scans per point were taken.
These were compared against reference spectra with minimal
mixing times of 0.03 s. Magnetization exchange rate constants
were then calculated using ExsyCalc software.29
1D 1H NMR Spectroscopy. The 1H NMR spectra were taken
on a Bruker DRX 300-MHz spectrometer. All chemical shifts were
relative to TMS. Line broadening optimized from unprocessed
peak fwhm values (up to 3 Hz) was used to improve the signal-tonoise ratio. The experiments were taken at 4 temperatures, 300,
310, 320, and 330 K; the samples were allowed to equilibrate in the
probe for at least 15 min before the spectra were taken. Line-fitting
was carried out using MestraNova 6.0 software.
Fluorescence Spectroscopy. A 2 μM pyrene solution was
prepared in TCE as a fluorescence probe of solvent polarity via serial
dilution.30 Emission of the probe molecule was recorded on a Horiba
Jobin Yvon FluoroMax-2 Spectometer with an excitation wavelength
of 350 nm scanning from 365 to 420 nm using a 0.5 s integration time.
DSC Measurement. Compound 1 (4.9-5.1 mg) was enclosed in an aluminum pan and placed in a TA Instruments

’ RESULTS AND DISCUSSION
Exchange Behaviors of H2O Encapsulation and Escape
from 1. 1H-1H 2D EXSY (NOESY) has been shown to

measure the exchange of small organic guests into and out of
cavitand-porphyrin hosts.31 Here it was used to determine the
rate constants for the release and encapsulation of H2O into 1 in
TCE-d2. The off-diagonal peaks in these spectra are proportional
to the rates of chemical exchange between the two corresponding
sites. Mixing times (the delay between the second and third
pulses) were selected to allow maximal chemical exchange to
occur while minimizing loss of the magnetization created by the
first two pulses. The resultant spectra had only two cross-peaks,
demonstrating clear exchange between the free water (δ =
1.6 ppm) and endohedral water resonance (δ = -11.5 ppm).
A sample EXSY spectrum is given in Figure 2.
Perrin and Dwyer describe a method to interpret absolute kinetic
rates from EXSY observed rates.27 Equations 1-3 give a simple
treatment of the equilibrium where [H], [G], and [G@H] are the
concentrations of the free host, free guest, and the complex,
respectively, and k01 and k0-1 are the “observed” rates found from
the areas of the two EXSY spectrum exchange peaks.31
d½G@H$
¼ ka ½H$½G$ - kd ½G@H$
dt
k10

½G$ T0 ½G@H$
k-1

k10 ( ka ½H$

0
k1 ( kd

ð1Þ
ð2Þ
ð3Þ

Concentration of free host was calculated from the mass of 1
and the volume of solvent added to the NMR tube. From the 1D
NMR, the percentage of “ﬁlled” fullerene was found by dividing
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Figure 4. Arrhenius plot of the encapsulation of H2O by 1.

Figure 3. Observed rate constants, k01 (ﬁlled circle, left axis) and
k0-1 (open circle, right axis), vs concentration of the unbound host 1
in TCE-d2 at 300 K from 2D 1H-1H EXSY.

Table 2. Thermodynamic Parameters in TCE-d2 Determined
from 2D EXSY Rate Constants

Table 1. Association Rate, Dissociation Rate, and Equilibrium Constants of H2O@1 in TCE-d2 Determined from 2D
EXSY
temperature (K)

ka (M-1 ! s-1)

kd (s-1)

Keq (M-1)

300

4.3

0.42

310

5.8

1.1

5.3

320

8.3

1.7

4.9

330

11.2

2.7

4.1

10

ΔG! (kJ/mol)a
ΔH! (kJ/mol)b

-5.2
-24

ΔGqass (kJ/mol)f
ΔGqdiss (kJ/mol)f

70
76

ΔS! (J/mol ! K)c

-63

ΔHqass (kJ/mol)g

24

d

Ea,ass (kJ/mol)

27 ( 2

ΔHqdiss (kJ/mol)g

48

Ea,diss (kJ/mol)e

50 ( 6

-167

ln(A)ass (M-1 ! s-1)d

12 ( 1

ΔSqass (J/mol ! K)h

ln(A)diss (s-1)e

19 ( 2

ΔSqdiss (J/mol ! K)h

-93

a

ΔG! = RT ln Keq. b ΔH!= Ea,ass - Ea,diss. c ΔG! = ΔH! - TΔS!.
From Arrhenius plot of ka. e From Arrhenius plot of kd. f From the
Eyring equation. g From the Eyring plot. h ΔSq = -(ΔGq - ΔHq)/T.
d

the area of the H2O@1 resonance by a signal from two external
protons on the host. With the concentration of guest@host and
total host, empty [H] was found via simple subtraction.
It was veriﬁed that the kinetics obey eq 3 by determining the
rate constants at various concentrations of 1 at 300 K. Indeed, k01
displayed a linear dependence on concentration of 1 with a slope
of 4.2 M-1 ! s-1. Conversely, k0-1 changed little with respect to
the amount of 1 in solution, approximately 20% from the mean
value, similar to a methane- and ethylene-encapsulating
cavitand.31 Plots of the observed EXSY rates vs concentration
of 1 are given in Figure 3.
The rate constants (ka and kd) were obtained at four diﬀerent
temperatures (300-330 K) by the 2D 1 H-1 H EXSY
experiments.27,31 The results are given in Table 1, and the
Arrhenius plot of ka is shown in Figure 4. Further, thermodynamic parameters derived from them are summarized in Table 2.
As shown in Table 1, the observed rates clearly indicate that the
association of water and hydrophobic cavity 1 is a favored
process, as expected. Relatively low activation energies (Ea) for
both association and dissociation support the observed rapid
exchange behavior of H2O as well as related parameters for the
transition state. The large ΔSq for both association and dissociation of H2O into 1 also indicate that the guest is severely
restricted in the transition state, passing through the narrow
oriﬁce. Correspondingly, the oriﬁce seems to provide little
enthalpic stabilization leading to large values of ΔGq for the
encapsulation and escape reactions.
It was found that the observed rates for both the H2O
encapsulation and escape were much faster (104!) than those
observed for the CO escape from CO@1.16 The fraction of
CO@1 was low (less than 20%) under a balloon pressure of

CO,15 while H2O spontaneously enters in 1 at 300 K.13
Signiﬁcant CO encapsulation into 1 requires high pressures
and temperatures (80-100 atm at 373 K). This disparity is not
surprising since H2O is much smaller than CO; respective van
der Waal’s radii are 1.443 and 2.276 Å.32 The pre-exponential
factor for the escape is also smaller for H2O than for CO
leaving 1,17 indicating more collisions between the host and
the larger CO guest inside; however, the large diﬀerence in Ea
for the CO and H2O escape accounts for the disparity in
behaviors.
While the observed H2O exchange was too fast to observe
with standard 1D 1H NMR, it was 2 orders of magnitude slower
than the rates of CH4 encapsulations by cavitands and cryptophanes.31,33,34 Compared with these systems (Keq ≈ 230 M-1),
smaller Keq (∼10 M-1) were obtained for the formation of
H2O@1 from the EXSY rate constants. Determination of
equilibrium constants via 1D NMR and Karl Fisher titration is
discussed later.
The thermodynamics properties of this reaction resemble
those for both cavitand porphyrins that spontaneously encapsulate dissolved CH431,33 as well as hydrogen-bonding cavitands
that bind water from organic solution at low temperatures
(-50 !C).12 However, in both cases the change in free energy
is lower for the formation of H2O@1, possibly due to the polar
nature of H2O. In the former comparison, the guest and host
were both hydrophobic, and in the latter, hydrogen bonding
stabilizes the polar guest. H2O@1 is unique in that the polar
guest is likely bound by dispersive interactions only. Despite this,
the encapsulation is exothermic even at elevated temperatures.
One ﬁnal note is that the loss in entropy for H2O entering 1 is
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Table 3. Thermodynamic Parameters of H2O@1 Formation
in Various Solvents determined from 1D NMR
solvent

a

dipole moment (D)

ΔH! (kJ/mol)

ΔS! ( J/mol ! K)

benzene-d6

0

-35 ( 5

-92 ( 15

TCE-d2a
ODCB-d4b

1.2
2.4

-25 ( 4
-18 ( 1

-72 ( 10
-33 ( 4

DMSO-d6c

3.9

N/Ad

N/Ad

b

1,1,2,2-Tetrachloroethane-d2. 1,2-Dichlorobenzene-d4.
sulfoxide-d6. d H2O does not enter 1 in DMSO-d6.

c

solutions; the H2O molecules in ODCB-d4 may be slightly
ordered by polar interactions, so less disorder is eﬀectively lost.
The large loss of entropy upon insertion must be oﬀset by
enthalpic gains. Moreover, H2O did not enter the host 1 in highly
polar DMSO-d6 at room temperature. Clearly, less polar solvents
drive the water encapsulation by 1, and the observed changes in
thermodynamic parameters appear almost linear compared to
the polarity of the solvents. Essentially, stabilization by a used
solvent is competing with that by the host 1.
The thermodynamic parameters parameters given in Table 3
were found for the encapsulation of H2O into 1 were found from
line-ﬁtting the 1D 1H NMR spectra. Compared to the values
found in 2D EXSY measurements (Table 2), the TCE-d2 data for
ΔH is in very close agreement, while ΔS is 15% larger. Typically,
the Keq values are slightly larger in the 1D ﬁts, ranging from 10 to
30 M-1 at 300 K, depending on solvent. Nakazawa et al. reported
a much larger disparity between Keq values derived from EXSY
and 1D methods, 230 and 80 M-1, respectively.31 Major sources
of error here are likely from uncertainty in the line ﬁts and
integration of the 1D and 2D spectra, respectively, especially in
the large free H2O peaks. While [H2O] in the organic solvent is
not greatly aﬀected by the reaction ([H2O] is at least 5! greater
than [1], and the amount of H2O inside 1 changes by <25%), the
amount of free H2O in the organic solvents is also aﬀected by
changes in solubility of H2O across the temperature range, the
vapor pressure of H2O in the tube, etc. Additionally, the low
signal-to-noise ratio of the H2O@1 signal at high temperatures
increases error. Karl Fisher titration was attempted to better
determine more accurate [H2O] values for the encapsulation in
CDCl3. Equilibrium constants were somewhat higher using this
method (∼45 M-1), but ΔH was in relatively good agreement
for a solvent similar to TCE-d2. This titration experiment is
detailed in the Supporting Information.
The solubility of compound 1 initially limited the extent to
which this eﬀect could be explored, so mixtures of TCE-d2 and
DMSO-d6 were prepared. Again, equilibrium constants were
determined from 1D 1H NMR spectra as above. The polarity of
the solvent mixture should increase as DMSO-d6 is added to the
solution. The relative polarities of the mixtures were determined
using ﬂuorimetry.30 The vibrational ﬁne structure of the pyrene
monomer ﬂuorescence depends on the dipole moment of its bulk
solvent. The ratio of the intensities of the 0-0 (peak I) and 0-2
(peak III) ﬂuorescence bands of pyrene in the diﬀerent solvent
mixtures indicates their relative polarities. This procedure is
described in detail by Kalyanasundaram et al.30 A dilute pyrene
solution was prepared in the following TCE-d2:DMSO-d6 mixtures to determine their relative polarity. Compound 1 was then
dissolved in these and the 1D NMR measurement was repeated.
The thermodynamic data are given in Table 4.
As shown in Table 4, the trend seen in the pure solvents is
repeated here. Apparently, H2O can be “driven out of” the cage
by spiking a solvent with a very polar solvent. While it was
impossible to determine the rate rigorously, H2O@1 initially in
500 μL pure TCE-d2 established a new equilibrium (50%
encapsulation reducing to 25%) after the addition of 50 μL
DMSO-d6, in no more than 30 s (this was the amount of time it
took to add the additional solvent and take an 1H NMR scan).
Binding Energy between the Trapped H2O and the Fullerene Cage 1. Since the discovery of endohedral fullerene
complexes, binding energies between the host fullerenes and
the trapped guests inside have been investigated mainly in
theory.35,36 For H2O@C60, binding energy (ΔE) of a H2O

Dimethyl-

Figure 5. Van’t Hoﬀ plot of the H2O þ 1 / H2O@1 equilibrium in
ODCB-d4.

much less compared to the hydrogen-bonding cavitand, perhaps
because the guest is freer to move around in 1.
Encapsulation and Escape Thermodynamics in Pure Solvents and Mixtures. The key to understanding and eventually
controlling the encapsulation of water may lie in changes to the
exterior as much as the interior of the host. When a water
molecule is trapped in 1, the fullerene must be providing more
stabilization than the solvent system. We therefore treated the
solvent used for 1 as a tunable exterior instead of a barely tunable
interior, the cage 1. Modulating the solvent parameters was
expected to show some effects on the equilibrium and kinetics. It
is worthy to note that, because of limited solubility of fullerenes,
solvents chosen for a fullerene derivative are generally hydrophobic as well as the interior of a fullerene cage.24-26
The equilibrium concentrations of H2O@1, 1, and H2O
in diﬀerent organic solvents (C6D6, TCE-d2, ODCB-d4, and
DMSO-d6) were estimated via the 1H NMR measurements
at various temperatures. The relative amounts of the total 1,
H2O@1, and free H2O were calculated from the signals at δ =
8.1 ppm (aromatic protons characteristic of both 1 and H2O@1),
1.6 ppm (free H2O in a solvent), and -11.5 ppm (H2O trapped
in H2O@1), respectively.13 These were converted to concentrations and used to ﬁnd Keq at each temperature. Thermodynamic
parameters can be interpolated from the slope and intercept of a
Van’t Hoﬀ plot (ln Keq vs 1/T). These results are summarized in
Table 3. Additionally, as exemplar, the Van’t Hoﬀ plot of the
H2O@1 formation in ODCB-d4 is given in Figure 5.
A signiﬁcant solvent eﬀect was observed as shown in Table 3.
Both ΔH and ΔS decreased in less polar C6D6 and increased in
more polar ODCB-d4. The loss of entropy when a H2O molecule
“leaves” bulk benzene to enter 1 is comparatively large, while the
observed loss in entropy is far smaller in case of the ODCB-d4
738
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A thermal analysis of H2O@1 using DSC was attempted.14 A
DSC trace of solid-state H2O escape from 1 is shown in
Figure 6a. A broad endothermic curve was observed with a
maximum temperature at 112 !C in the ﬁrst heating process. It
showed a good agreement with the temperature range for an
escape of H2O from H2O@1 in a solution monitored by 1H
NMR.13 The same endothermic curve was not observed in the
second heating process. In addition, a reference CO@1 did not
show signiﬁcant peak such as H2O@1 (Figure 6b). Note that
detectable drift during the ﬁrst heating of CO@1 was caused by
contaminate H2O@1 (ca. 5% by 1H NMR), which made a
precise measurement of CO@1 impossible. The observed endothermic curve was therefore concluded to correspond to the
solid-state thermal escape of H2O from H2O@1. The binding
energy of a trapped H2O molecule was estimated to be approximately -58 kJ mol-1. This assumes the initial fraction of
H2O@1 in the solid 1 as 75% from elemental analysis. However,
elemental analysis is unable to diﬀerentiate endohedral water
from water elsewhere in the sample (for instance, impurities and
interstitial spaces). This value seems suspiciously large; perhaps
additional energy is required to liberate the H2O from the solid
lattice once it exits the fullerene.

Table 4. Thermodynamic Parameters of H2O@1 Formation
in Solvent Mixtures of TCE-d2 and DMSO-d6 Determined
from 1D NMR
ΔH! (kJ/mol)

(TCE:DMSO)

ratio peak III/peak I

(100:0)

0.702

-25 ( 4

(95:5)

0.686

-20 ( 4

(90:10)

0.681

-16 ( 3

(88:12)

0.679

-13 ( 3

’ CONCLUSIONS
The kinetic and thermodynamic properties for the encapsulation of H2O by compound 1 in various organic solvents were
determined. The rates at 300 K were 4.3 M-1 ! s-1 for
encapsulation and 0.42 s-1 for escape, far faster than for larger
guests in this host. The activation energies were 27 and 50 kJ mol-1
for association and dissociation, respectively. The change in
enthalpy for the encapsulation is linearly dependent on the
polarity of the solvent system and both pure solvents and solvent
mixtures were explored. By use of the values found for encapsulation in benzene, the absolute ΔH for the encapsulation of H2O
by 1 was estimated by solution-state NMR to be -11 kJ mol-1
and in solid-state NMR -58 kJ mol-1 by DSC. The swift water
transfer controlled by the polarity of the external solvent media
could be useful for future applications that require H2O to move
into and through hydrophobic spaces like nanotubes as well as
water-induced conformational changes in proteins.
’ ASSOCIATED CONTENT

bS

Figure 6. DSC charts of (a) H2O@1 and (b) CO@1 as reference. The
initial and second cycles are shown as plain and dotted lines, respectively
(ramp 10 !C/min, hold temperature for 10 min at -40 !C and at
200 !C).

molecule inside the C60 cage was estimated to be -44 kJ mol-1
at the MP2/6-31G level; however, it is unclear how basis set
superposition error (BSSE) was accounted for.37-39 Since computationally intensive thermochemical data are needed to find
ΔH, reliable calculations are rare.
The mild conditions of this encapsulation provide a rare
opportunity to estimate an absolute ΔH of encapsulation for a
fullerene from actual experiment. Our data for the change of
enthalpy for the encapsulation of H2O in benzene allows for an
estimate of the total ΔH for the insertion of H2O. Nilsson reported
that the ΔHsolvation of H2O into benzene is 24 kJ/mol;40 therefore,
by assumption of a state function, the total enthalpic stabilization
of vapor-phase H2O into 1 is approximately -11 kJ/mol.

Supporting Information. Data related initial NMR study
combined with Karl Fischer titrations. This material is available
free of charge via the Internet at http://pubs.acs.org.
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