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Open-[60]fullerenols with water adsorbed both inside
and outside

Water's adsorptive ability toward the external sphere of an
open-[60]fullerenol was found to be considerably altered
by internal single-water adsorption within the [60]fullerene
cavity. Reflecting the electron deficiency of [60]fullerenols,
aggregated water became acidic as confirmed

by synchrotron IR spectroscopically.
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The water affinity on [60]fullerenols was found to be governed by
surface electrostatic potential while water aggregation is initiated
by the hydroxy groups attached on the carbon surface. The mole-
cular water adsorption at the internal sphere caused a significnat
inhibition of water adsorption at the external carbon surface.

Water confined between graphene layers is known to adopt a
regular ordering on the two-dimensional surface, thus exhibit-
ing a characteristic chemical/physical feature that is otherwise
invisible in a bulk environment." Likewise, water inside carbon
nanotubes” or fullerenes® has attracted considerable attention
owing to its unique dimensionalities which are offered by the
internal curved m-surface of carbon nanomaterials. In contrast,
a lack of experimental studies has hampered understanding in
depth the interactions and structures of water aggregated on
the external n-surface of fullerenes. This is because of very low
solubility in an aqueous medium (<10™° mg L") as well as a
high degree of aggregation.” Nevertheless, computational investi-
gations have predicted stable wetting processes of fullerenes.’
Polydisperse aqueous systems of [60]fullerene, which are col-
loids rather than true solutions, could be prepared experimentally
wherein [60]fullerene aggregates generate fractal clusters with a
diameter range of one to several tens of nanometres.® According
to molecular dynamics simulations, water-[60]fullerene interac-
tions are governed by relatively strong dispersive van der Waals
attraction” while hydrogen-bonding (H-bonding) networks con-
tain a mixture of quasi-pentagonal/hexagonal forms with multiple
defects induced by dangling hydroxy groups.® Bovine serum
albumin is a biocompatible solubilizer for [60]fullerene in aqu-
eous media, in which unfolding of the albumin exposes its inner
hydrophobic residues which enhance interactions with [60]full-
erene.” Even in the albumin, [60]fullerene still maintains its
cytotoxicity, implying its potential for biological applications.
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Open-[60]fullerenols with water adsorbed
both inside and outsidef

®and

The introduction of multiple functional groups having high affinity
to water is a popular approach to access synthetic water-soluble
[60]fullerenes and/or [60]fullerenols.’® At a water-solvent phase
boundary, they could arrange in a two-dimensional sheet with a
precise thickness at an order of nanometres."" Furthermore, stable
exfoliation of graphene could be achieved by reactions with [60]full-
erenols in a water phase since intercalated [60]fullerenols inhibit
the restacking of the graphene sheets.”” Thus, it is of particular
importance to clarify the adsorptive behaviour/structure of water on
the [60]fullerene surface (Fig. 1) for the advanced design of [60]full-
erenols for their biological and materials science applications.
However, controlled hydroxylation of [60]fullerene is, in general,
not feasible, thus producing an isomeric mixture which possesses
15 to 18 hydroxy groups with different dispositions."® Then, a clear
picture on the surface adsorption behaviour of water onto [60]full-
erenols is hard to be obtained using an experimental approach so
that a computational approach has long been employed, which is
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Fig. 1 Adsorption model and structures of open-[60]fullerenols studied
herein.
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the only viable solution to this problem.'* Herein, we studied
the adsorption behaviour of water onto three open-[60]full-
erenols as well as pristine [60]fullerene using IR microspectro-
scopy at variable humidity (VH) (Fig. 1). We also disclosed a
significant depletion of external water adsorbed on the open-
[60]fullerenol surface, being perturbed by internal water
trapped within the [60]fullerene cavity.

To verify the water adsorptive behaviour on the surface of a
powdery [60]fullerene sample, we performed synchrotron IR
microspectroscopy’® at 300 K with different relative humidities
(RHs). As a result, two sharp bands were observed at v 1427 and
1180 cm ™' (Fig. S1a, ESI%), which corresponded to cage vibra-
tions of [60]fullerene, whereas any band related to aggregated
water could not be detected so that differential spectra are
featureless even at RH = 87% (Fig. S1b, ESIT), implying negli-
gible water adsorption on the powdery [60]fullerene surface.
This differs from a crystalline [60]fullerene sample, showing an
O 1s band found at 533.8 eV attributed to adsorbed water in the
X-ray photoelectron spectrum where lower crystallinity causes a
significant decrease in the band intensity'® probably due to a
larger surface free energy.'”

To improve the wettability, we then prepared open-[60]full-
erenols, Ceo(OH),0;R, (1, R, = (CPh),NCPy), Ceo(OH)(H)O3R,
(2, R, = (CPh),NCPy), and Cgo(OH)O4R, (3, R, = (CPh),(NH)CPy),'®
all of which bear an opening with a ring-atom count of 13 (Fig. 1).
The latter two were derived from 1 while they accommodate a
single water molecule inside (H,O@2 and H,0@3) due to the
synthetic feature. We also synthesized H,O@1 for a reference. The
VH IR spectra are shown in Fig. 2 and 3. Contrary to [60]fullerene,
1 showed a significant spectral change attributed to O-H bands
(ca. 3800-3000 cm ') with increasing intensity (Fig. 2). In the
differential spectra relative to RH = 1%, there seem to be two
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Fig. 2 Original and differential (vs. RH = 1%) IR spectra of 1 at 300 K.
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Fig. 3 Differential IR spectra (vs. RH = 1%) of H,O@1, H,0@2, and H,0@3
at 300 K.
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bands at ca. 3800-3500 and 3500-3000 cm ', which are typical
bands of free and aggregated water, respectively.'® The bending
mode at 1613 cm ™' conclusively indicates the surface water
adsorption. From the simulation (B3LYP-D3/6-31G(d,p)), the
bands at 1768 and 1697 cm ™' were assigned to the stretching
modes of carbonyl groups, b and a, respectively, where the
former exhibited a larger red-shift upon exposure to higher
RHs. This is indicative of the water adsorption concomitantly
assisted by the carbonyl groups, a and b, while the latter is
much superior. In the differential spectrum, a complex spectral
feature was observed at a fingerprint region (< ca. 1600 cm™ "),
which was absent for [60]fullerene. Thus, the two hydroxy
groups in 1 are considered to facilitate the water adsorption
even at the curved-n surface. The differential spectra of H,0@1,
H,0@2, and H,O@3 showed a resemblance to that of 1 (Fig. 3).
Note that the band of incarcerated H,O could not be observed
under the measured conditions.?® As opposed to 1 and H,0@1,
a larger red-shift was observed for carbonyl band a of H,O@2
due to the removal of one hydroxy group from H,O0@1, whereas
water adsorption on H,O@3 occurs with significant assistance
from carbonyl group(s), ¢ and/or d. For all open-[60]fullerenols
examined, water adsorption/desorption processes were con-
firmed to be reversible since spectra always came back to the
same line at any RH even once RH was increased to ca. 90%.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Relative amounts of water adsorbed on open-[60]fullerenols at
variable humidity. The relative amounts were estimated from areas inte-
grated at 3800-2200 cm™ (differential spectra), which were calibrated by
the band areas of CH vibrations at 3200-2500 cm™* (original spectra).

From the area ratio for the OH bands in the differential
spectra, relative amounts of water adsorbed were estimated,
giving a linear relationship with vapor concentrations in air
(Fig. 4). It should be noted that all fitted lines did not pass
through the origin, implying the presence of water adsorbed

(0)—0*(OH)
repulsive .56 kcal/mol
Compd. LUMO  qgo) qH(1) Agy do) GH(2) Agz
1 -3.170 -0.7544 +0.5103 +1.2647 -0.7342 +0.5038 +1.2380
H,0@1 -3.134 -0.7520 +0.5115 +1.2635 -0.7313 +0.5051 +1.2364
1 -3.165 -0.7539 +0.5113 +1.2651 -0.7328 +0.5046 +1.2374
Fig. 5 (a) Electrostatic potential maps of 1-3 and (b) topological analysis

of electron densities for H,O@1 with selected natural charges (units in au)
and LUMO levels (units in eV) (B3LYP-D3/6-31G(d,p)). The geometry of 1’ is
generated by subtracting a coordinate of H,O from that of H,O@1.
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even under dry conditions, whose amounts follow the order of
H,0@2 > H,0@3 > H,0@1. From the slope, affinity to water
was found to follow the order of H,0@3 > H,0@2 > H,0@1
even though 1 bears two hydroxy groups on its orifice. The
replacement of one of the hydroxy groups with a hydrogen atom
(H,O0®@1 to H,0@2) was suggested to induce a local positive
potential area on the [60]fullerene cage while the whole caged
surface of H,O@3 is positively charged due to the electron-
withdrawing character of the three carbonyl groups (Fig. 5a).
Thus, the Lewis acidity of carbon cages®' is considered to play a
significant role in water affinity while OH and/or NH groups
should be a trigger to initiate water adsorption.

To our surprise, placing a water molecule inside 1 consider-
ably decreases water affinity by one tenth (Fig. 4). To clarify the
origin of the change in adsorptive character, we performed
topological analysis (Fig. 5b), showing weak non-covalent inter-
actions between incarcerated H,O and the hemispherical caged
surface where H,0 and O(3) were connected via a bond path
characterized by a bond critical point (BCP) with posi-
tive Laplacian (V?p = 3.46 x 10 > e a, °) and total energy
(H=8.19 x 107 a.u. a, %) of electron density. Thus, H,O0@1 is
considered to possess an intramolecular H-bonding which is
categorized as a pure closed-shell interaction without covalent
nature.?> The interaction energy was estimated to be E?
2.56 kecal mol ™" (n(O(3)) — ¢*(H,0)). Upon encapsulation of
H,O, 1 receives a small distortion (AG + 0.365 kcal mol )
whose geometry itself (1’) does not cause a significant change
in the electronic properties. However, interaction with water
results in an elevated LUMO level by net +0.031 eV, indicating
the reduced Lewis acidity which contributes to lower An/Ap
relative to pristine 1. In addition, the polarization of the two
hydroxy groups is suggested to become weaker with smaller Ag
values. This might be attributed to the diminished amount of
water adsorbed under dry conditions (smaller 7).

The band deconvolution analysis of 1 at RH = 91% showed
the presence of multiple bands (Fig. 6) where A and B are free
water probably spread over the [60]fullerene surface while D
and E originate from distorted and non-distorted ice-like water
networks structured by the two hydroxy groups.'® Though band
C is not usually observed for bulk water, it likely arises from
unstable/short-lived small water clusters aggregated on the n-
surface via defective H-bondings. Importantly, we also found
multiple bands below 3000 cm ™" (F-I) which cover 14.1% of the
whole OH spectral bands (3750-2410 cm™'). These are typical
of flanking water around protons (2500 + 500 cm ').** To
our surprise, gas-phase acidity values®® of the two hydroxy
groups in 1 were calculated to be AH 334 and 335 kcal mol !
(B3LYP-D3/6-31G(d,p)) which were far smaller than those for
PhOH (361 kcal mol™') and #BuOH (392 kcal mol™ ") but
rather similar to those for HCl (343 kcal mol™') and HBr
(328 keal mol %), indicating that open-[60]fullerenols are highly
acidic (Fig. 6b and Fig. S7, ESIt). This rationally explains the
presence of bands, F-I. Thereby, open-[60]fullerenols are con-
sidered to enhance the local acidity of water adsorbed owing to
their high electron-accepting character. The significantly red-
shifted band (v 2855 cm™ ") of adsorbed water with an elongated
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Fig. 6 (a) Band deconvolution analysis of 1 at RH = 91%. (b) Local

minimum structure of 1.(H,O)sg with gas-phase acidity for selected
alcohols and hydrogen halides (B3LYP-D3/6-31G(d,p) and LanL2DZ for
halogen).

OH bond (1.016 A) was also supported by theoretical calcula-
tions for a local minimum structure of 1-(H,0)3¢ (Fig. 6b and
Fig. $8-510, ESIY).

In summary, we examined the adsorptive behaviour of water
onto the [60]fullerene surface using synchrotron IR microspec-
troscopy, showing reversible water adsorption/desorption. The
VH IR measurements revealed the presence of water adsorbed
on open-[60]fullerenols even under dry conditions while the
water affinity is governed by the surface electrostatic potential.
To our surprise, molecular water adsorption from the internal
sphere resulted in a considerable drop of the water affinity at
the external sphere mainly because of lowering the Lewis
acidity of the [60]fullerene cage while a high electron-
accepting character of [60]fullerenols increases the local acidity
of water adsorbed.
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