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Nickel(II) porphyrin/fullerene C70 porous molecular
cocrystal featuring a robust one-dimensional
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Molecular cocrystals are crystalline materials composed of multiple types of molecular components held

together by noncovalent interactions. Among these, porphyrin-fullerene cocrystals represent a well-

studied class of supramolecular assemblies. The close packing arrangement between porphyrins and full-

erenes is known to contribute to high crystallinity and structural stability. Porphyrin-fullerene cocrystal

systems including C60, which has a spherical shape, have provided insights on intermolecular interaction.

In contrast, cocrystals incorporating C70, which has an ellipsoidal shape, remain relatively unexplored, and

the influence of fullerene shape on cocrystal structures and stability remains unclear. In this study, we

investigate the differences between C60 and C70 using cocrystals of a nickel(II) porphyrin derivative

(NiTEPP) with these fullerenes. Two distinct cocrystals were successfully obtained: the porous cocrystal

NiTEPP/C70 featuring one-dimensional channels, and the nonporous crystal NiTEPP/C70-n. High-

pressure single-crystal X-ray diffraction results show that these cocrystals maintained their single crystal

structure under high pressure. Furthermore, intermolecular interaction energies depending on the fuller-

ene species were evaluated using density functional theory calculations. The combined experimental and

theoretical results demonstrate that the shape of the fullerene plays a crucial role in governing inter-

molecular interactions and structural stability, and these results provide valuable guidelines for the rational

design of molecular cocrystals with controlled intermolecular interactions.

Introduction

Molecular cocrystals formed by the self-assembly of multiple
molecular components has attracted increasing attention in
recent years.1–3 By precise controlling intermolecular inter-
actions4 and molecular geometries,5 it is possible to enhance
the molecular ordering6 and structural stability.7

Cocrystallization enables the realization of structures and
packing motifs that are not accessible in conventional unimo-
lecular crystals,8,9 thereby expanding the scope of crystal
engineering based on the inherent flexibility and diversity of

molecules.10–12 Furthermore, studies on molecular cocrystals
play a crucial role in understanding of intermolecular
interactions13–15 The elucidation of the principles governing
precise molecular arrangements is expected to facilitate the
design of molecular assemblies and future applications in
functional materials.16–19

Among molecular cocrystals, porphyrin–fullerene systems
have emerged as a well-studied class of supramolecular
assemblies.20–22 In these cocrystals, porphyrin molecules are
regularly arranged around fullerene molecules, and inter-
molecular interactions—π–π stacking interactions and van der
Waals forces—are known to contribute significantly to stabil-
ize the crystal structure.23–25 The close contact of fullerene
molecules with the porphyrin planes26,27 results in character-
istic molecular packing, thereby improving the crystallinity
and stability of the cocrystals.24 To date, numerous porphyrin–
fullerene cocrystals based predominantly on spherical C60 have
been reported.27–31 These results provide important insights
into the structural features and design principles of molecular
crystals. In contrast, reports on molecular cocrystals incorpor-
ating ellipsoidal C70 are relatively limited compared with those
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involving C60.
32–34 Consequently, systematic investigations into

the differences in intermolecular interactions between por-
phyrins and different fullerene species, such as C60 and C70, as
well as their impact on cocrystal structures and stability,
remain scarce.35 Correspondingly, cocrystal systems involving
metalloporphyrin derivatives in which both C60 and C70 afford
the same crystal system remain limited.36,37

In this situation, we previously prepared a cocrystal com-
posed of a Ni-porphyrin derivative NiTEPP 38,39 (Fig. 1a) and
C60 (hereafter NiTEPP/C60).

40 The structure of NiTEPP/C60 was
characterized and analyzed by single-crystal X-ray diffraction
(scXRD) measurement. This measurement revealed that por-
phyrin molecules regularly encapsulate C60, forming two-
dimensional honeycomb networks, in which three porphyrin
molecules surround a single C60 molecule. These honeycomb
layers stack along the c axis in AA* stacking mode. Owing to
the stacking manner of the layers and the molecular ordering,
permanent one-dimensional channels were confirmed to exist

in the crystal lattice. These structural features lead to the for-
mation of a crystal with the P3̄c1 space group. The presence of
the two-dimensional honeycomb structure with intrinsic voids,
together with its remarkable stability under acidic and basic
conditions as well as external pressure, is rare among mole-
cular crystals and represents a highly unique structural
feature.41 Furthermore, reversible adsorption and desorption
behavior toward solvents and gases demonstrates the func-
tional utility of the one-dimensional channel in the crystal.

In this study, we report the preparation of two types of
cocrystals composed of NiTEPP and C70. These structures were
thoroughly characterized by scXRD measurements. One cocrys-
tal, NiTEPP/C70, is isostructural with NiTEPP/C60. In NiTEPP/
C70, C70 molecules occupy both axial positions of Ni center in
NiTEPP. The porphyrin-to-fullerene ratio is determined to be
3 : 2 in NiTEPP/C70. The other one is NiTEPP/C70-n which has
no void. In NiTEPP/C70-n, only one axial position is occupied
by a NiTEPP molecule, leading to a different ratio of NiTEPP

Fig. 1 Schematic illustration of the single-crystal structure of porous NiTEPP/C70 cocrystal. (a) Molecular structures of NiTEPP and C70. NiTEPP and
C70 are shown in purple and green, respecitively. (b) Schematic illustration of the interaction between NiTEPP and C70 and the resulting honeycomb
2D network (measured at 120 K; thermal ellipsoids are drawn at the 50% probability level). (c) Stereoscopic crystal structure of NiTEPP/C70 viewed
along the c-axis. (d). scXRD structure of NiTEPP/C70 viewed along the c-axis displaying Q peaks with intensities of more than 0.5 e Å−3 were set to
be shown, while no significant residual electron density is observed in the channel.
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and fullerene molecules, 1 : 1, in NiTEPP/C70-n. DFT calcu-
lation revealed that NiTEPP/C70 exhibits a higher interaction
energy than its C60 analogue, which is likely to be attributed to
the elongated molecular shape of C70. In contrast, NiTEPP/C70-
n shows a lower interaction energy compared to NiTEPP/C70.
These results demonstrate the effect of C70 incorporation
instead of C60 on intermolecular interactions in the cocrystal
with NiTEPP.

Results and discussion

NiTEPP was synthesized according to the previously reported
procedure, and cocrystallization of NiTEPP with C70 was
attempted using crystallization conditions analogous to those
employed for NiTEPP/C60.

40 However, the cocrystallization was
unsuccessful using the liquid–liquid diffusion method. After
optimization of the crystallization conditions, a vapor
diffusion method (Fig. S1), using a 1 : 1 (v/v) mixture of CHCl3
and CS2 as the good solvent and hexane as the poor solvent,
afforded black rod-shaped crystals of NiTEPP/C70 deposited on
the inner wall of the vial.

The structure of NiTEPP/C70 was characterized by scXRD
measurement (Fig. 1, S2 and Table S1). Unlike the previously
reported NiTEPP/C60 cocrystal, C70 molecule does not possess
a threefold rotational symmetry. The assignment of C70 mole-
cules in NiTEPP/C70 required a disorder treatment that a
single C70 molecule was modelled over three symmetry equi-
valent orientations because the P3̄c1 possesses a threefold
rotational axis throughout the crystal (Fig. S3). The crystal
system of NiTEPP/C70 is formed by the arrangement of C70

molecules along both axial positions of NiTEPP, similar to
NiTEPP/C60 (Fig. 1b). The interactions of three NiTEPP mole-
cules surrounding a single C70 molecule give rise to a two-
dimensional honeycomb network with a porphyrin-to-fullerene
ratio of 3 : 2, extending along the a and b axes. This two-dimen-
sional honeycomb network is stacked along the c axis in an
eclipsed stacking mode, leading to the formation of one-
dimensional channels running parallel to the c axis belonging
to the space group P3̄c1 with permanent voids (Fig. 1c). For the
system of NiTEPP/C60, when the residual electron density
(Q-peak) within the channels was below 0.5 e Å−3, simul-
taneous thermogravimetry-mass spectrometry measurements
indicated that no solvent molecules were present in the voids.
For NiTEPP/C70, no Q-peaks greater than 0.5 e Å−3 were found
in the channel. This result suggests that no solvent molecules
are present in the voids. At 120 K, the unit-cell parameters of
NiTEPP/C70 were determined to be a = 23.05 and c = 21.90 Å
(Table S1). Compared with those of NiTEPP/C60 (a = 22.13 and
c = 21.66 Å), these values correspond to expansions of 1.97%
along the a axis and 2.85% along the c axis, respectively. The
unit-cell volume of NiTEPP/C70, 10 080 Å3, corresponds to the
expansion of 6.93% from NiTEPP/C60 (9188 Å3). In previously
reported cocrystals of metalloporphyrin with C60 and C70 that
afford same crystal system, the unit cell volumes change negli-
gibly (within 1%).36,37 In contrast, the present system rep-

resents a unique cocrystal in which the same crystal system is
retained for both C60 and C70, while exhibiting a pronounced
change in unit cell volume of 6.9%. To evaluate the geometric
relationship among fullerene molecules in detail, the angles
and distances of the component molecules were analysed. All
disorder-modelled C70 molecules, the long molecular axis is
found to be tilted by 34.7° relative to the c axis (Fig. S4). In the
case of the shortest centroid–centroid distances between fuller-
enes, NiTEPP/C60 shows the distances of 13.29 Å along the
two-dimensional network direction (Fig. S5a) and 10.85 Å
along the c axis (Fig. S5b), respectively. In NiTEPP/C70, the dis-
tances increase to 13.71 (Fig. S5c) and 11.15 Å (Fig. S5d),
respectively. In addition, the distances between the Ni center
of NiTEPP and the centroid of the fullerene molecule was eval-
uated in both NiTEPP/C60 and NiTEPP/C70. At 120 K, the dis-
tances are determined to be 7.05 Å for NiTEPP/C60 and 7.19 Å
for NiTEPP/C70, respectively. Furthermore, based on a previous
study,42 the angle of Ni center of NiTEPP and two mutually
opposing meso-carbon atoms in the porphyrin, defined as α,
are also determined to be 161.4° for NiTEPP/C60 and 159.5° for
NiTEPP/C70, respectively. The anisotropic, elongated geometry
of C70 hinders the Ni(II)porphyrin from adopting a fully sur-
rounding configuration, in contrast to spherical C60. The geo-
metric differences in the crystal are attributed to the nonsphe-
rical shape of the C70 molecule, which possesses an intrinsic
long axis and is larger than C60.

Next, the void volume was evaluated using the void calcu-
lation function implemented in Mercury. A probe radius of
1.8 Å was applied, following the same conditions as those used
for NiTEPP/C60. At 120 K, the void volume of NiTEPP/C60 was
determined to be 1190 Å3 per unit-cell, whereas that of
NiTEPP/C70 was 1260 Å3. This value corresponds to an increase
of 8.6% in NiTEPP/C70. The calculated void fractions are 12.7%
for NiTEPP/C60 (Fig. S6) and 12.9% for NiTEPP/C70 (Fig. S7).
Furthermore, pore radius analysis (Fig. S8 and S9) revealed
that the minimum pore radius was 3.34 Å for NiTEPP/C60 and
3.71 Å for NiTEPP/C70, respectively. These observations suggest
that the fullerene geometry modulates both the void fraction
and pore size in the isostructural crystal structure.

We note that for NiTEPP/C70, scXRD analysis was success-
fully performed even at ambient temperature (293 K; Fig. S10
and Table S2). The molecular arrangement of NiTEPP and C70

was determined to be same as the crystal strucure of NiTEPP/
C70 measured at 120 K. Compared with C60, C70 possesses
lower molecular symmetry and is more susceptible to orienta-
tional disorder, which generally makes scXRD analysis
challenging.43,44 Consequently, only a limited number of
crystal structures containing C70 have been successfully ana-
lyzed at ambient temperatures.22,45 For NiTEPP/C70, although
an increase in the degree of disorder of the C70 molecules was
observed at 293 K, the crystals satisfied the standard crystallo-
graphic quality criteria when the same disorder model as that
applied at 120 K was applied. The successful single-crystal
structure determination at ambient temperature is attributed
to the fact that the orientation of the C70 molecules is partially
restricted by interactions with the porphyrin planes,46 and
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further constrained by the three-directional encapsulation of
the C70 molecules by NiTEPP, which spatially confines the
molecular position in the crystal lattice.

Furthermore, in the course of the recrystallization of
NiTEPP and C70, other single crystals with a morphology
different from that of NiTEPP/C70 were found, which were sub-
jected to scXRD (referred to NiTEPP/C70-n; Fig. 2, S11 and
Table S3). Structural analysis for NiTEPP/C70-n revealed that
the porphyrin and C70 molecules are closely arranged and that
C70 is located on only one side of the NiTEPP axial position,
unlike NiTEPP/C70. An adjacent porphyrin molecule occupies
the opposite side of the porphyrin axial position. As a result,
NiTEPP and C70 form a 1 : 1 complex, and dense packing of
this complex within the crystal leads to the formation of a non-
porous structure (Fig. 2). The asymmetric arrangement and
nonporous structure of NiTEPP/C70-n contrasts with that of
NiTEPP/C70. The distance between the Ni center of NiTEPP
and the centroid of C70 molecule was evaluated in the same
manner as for NiTEPP/C70. In NiTEPP/C70-n, this distance was
determined to be 6.49 Å, which is quite shorter than those
observed in the structures of NiTEPP/C60 and NiTEPP/C70. The
shortest Ni–C distance between NiTEPP and C70 was deter-
mined to be 2.87 Å, which is shorter than typical π–π stacking
distances.22 This suggests that specific porphyrin–fullerene
interactions contribute to the proximity between the two com-

ponents. In addition, the angle α of NiTEPP in NiTEPP/C70-n
was measured using the same definition as mentioned above.
Although two angles α can be defined for NiTEPP/C70-n due to
the inequivalence of the front and back sides of the porphyrin
plane, the smaller value was adopted as a representative
descriptor of the structural distortion. As a result, α was deter-
mined to be 175.9°, which is markedly larger than those of
NiTEPP/C60 and NiTEPP/C70. This indicates that NiTEPP in
NiTEPP/C70-n undergoes minimal curvature (Fig. 2a). In con-
trast to NiTEPP/C70, NiTEPP/C70-n adopts an asymmetric and
densely packed 1 : 1 architecture in which C70 is positioned on
only one side of NiTEPP. The different spatial arrangement in
NiTEPP/C70-n leads to a nonporous structure with close inter-
molecular contact, even with the porphyrin–fullerene inter-
actions stabilizing both the crystal structures of NiTEPP/C70

and NiTEPP/C70-n.
Subsequently, the obtained crystals were subjected to a

series of characterizations. Powder X-ray diffraction (PXRD)
analysis (Fig. S12) revealed that the sample prepared via
Fig. S1 contains NiTEPP/C70 and NiTEPP/C70-n phases but is
overall a multiphase mixture. Accordingly, all subsequent
measurements were conducted using this mixture. To probe
the solid-state interactions, spectroscopic analyses were per-
formed. The IR spectrum (Fig. S13) exhibits characteristic
bands attributable to both NiTEPP and C70, confirming the

Fig. 2 Schematic illustration of the single-crystal structure of nonporous NiTEPP/C70-n cocrystal. (a) ORTEP drawing of NiTEPP/C70-n, showing
that the Ni(II)porphyrin plane does not bend along with C70. (b) Crystal packing structure of NiTEPP/C70-n viewed along a axis. (c) Crystal packing
structure of NiTEPP/C70-n viewed along b axis. (d) Crystal packing structure of NiTEPP/C70-n viewed along c axis.
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coexistence of these components. The solid-state UV–vis spec-
trum (Fig. S14) shows a distinct shift in the bands assignable
to NiTEPP, which is attributed to intermolecular interactions
with C70 in the solid state. The direction of this shift is consist-
ent with that observed in the previously reported NiTEPP/C60

system,40 supporting a similar interaction mode. N2 gas sorp-
tion measurements at 77 K were then carried out using the
mixture sample. The sorption isotherm (Fig. S15) exhibits Type
I behavior, indicative of microporosity, and shows reversible
adsorption–desorption, demonstrating stable uptake and
release of N2. From this N2 sorption isotherm, a monolayer
adsorption capacity (Vm) and Brunauer–Emmett–Teller (BET)
surface area were estimated to be 49.2 cm3(STP) g−1 and
214 m2 g−1, respectively. For comparison, theoretical values
derived from the crystal structure are 60.9 cm3(STP) g−1 and
265 m2 g−1, respectively. The smaller experimental values are
attributed to the existence of nonporous NiTEPP/C70-n crystals
in the used solid sample, besides porous NiTEPP/C70 crystals,
which reduces the overall adsorption capacity. The pore size
distribution was further evaluated from the adsorption iso-
therm using the NLDFT–GCMC method (Fig. S16). The distri-
bution exhibits a maximum at 0.847 nm, slightly larger com-
pared to that of NiTEPP/C60, and indicates a slight increase in
pore size consistent with the expansion of the unit cell.

Next, DFT calculations were performed using the CP2K
program47 to evaluate the interactions between the NiTEPP
framework and fullerene molecules. A dispersion correction
was applied to account for van der Waals interactions (see SI
for the computational details). The structures of NiTEPP/C60,
three types of disordered NiTEPP/C70, and NiTEPP/C70-n were
geometrically optimized. The interaction energies were then
calculated as the difference between the energies of the total
energy of the optimized cocrystal and the sum of the isolated
NiTEPP framework and a single fullerene molecule. The inter-
action energies ΔE per fullerene molecule were calculated for
these five optimized structures (Table 1). The interaction
energy can be decomposed into four energetic components.48

To clarify the nature of ΔE, we also evaluated the dispersion
contribution ΔEdisp separately. Notably, the dispersion contri-
bution accounts for most of the total interaction energy in all
systems. Among the examined systems, NiTEPP/C70 exhibits
significantly larger stabilization (ΔE = 101.76 kcal mol−1, aver-
aged over three symmetry related configurations) than NiTEPP/
C60 (ΔE = 94.98 kcal mol−1). This difference reflects the larger
contact surface area between C70 and NiTEPP framework.
Importantly, the magnitude of ΔE in these systems is consider-

ably larger than values reported for conventional theoretical
studies of supramolecular assemblies.48,49 This result suggests
that the three-directional encapsulation by NiTEPP effectively
amplifies the stabilization based on the dispersion contri-
bution through simultaneous multipoint interactions. The
stronger stabilization of C70 relative to C60 is consistent with
previous theoretical studies.49,50 Conversely, NiTEPP/C70-n
exhibits a smaller interaction energy (ΔE = 88.47 kcal mol−1)
compared with the three-directionally surrounded NiTEPP/C70

cocrystal. Nevertheless, the magnitude of ΔE remains substan-
tially large, even though in NiTEPP/C70-n each C70 interacts
with only a single NiTEPP unit. This significant stabilization
can be attributed to the proximity between NiTEPP and C70 in
NiTEPP/C70-n, which enhances short-range dispersion inter-
actions. The smaller overall interaction energy arises from the
reduced number of NiTEPP units directly interacting with the
C70 molecule. Consequently, the overall contact surface area is
reduced in NiTEPP/C70-n, leading to fewer dispersion inter-
actions per fullerene molecule. Overall, these results indicate
that dispersion interactions dominate the stabilization of the
NiTEPP/fullerene cocrylstal structures and the strength of
stabilization is determined by both the number of interacting
NiTEPP units and their spatial arrangement around the fuller-
ene molecules.

Finally, we investigated the pressure resistance of NiTEPP/
C70 and NiTEPP/C70-n in their single-crystalline states. High-
pressure scXRD measurements were conducted following the
same procedure previously reported for NiTEPP/C60.

38 Single-
crystalline samples were placed in a diamond anvil cell, and
scXRD measurements were performed at 300 K with gradually
increasing pressure in the anvil cell. Under the low pressure at
0.60 GPa, NiTEPP/C70 retained a quasi-trigonal crystal struc-
ture, and the unit-cell volume decreased monotonically with
increasing pressure (Fig. 3a–d and Table S4). With increased
external pressure to 1.4 GPa, the indexing match rate of the
observed diffraction peaks against the unit-cell dropped
sharply (Fig. 3b). This behaviour indicates that the crystal
structure of NiTEPP/C70 collapses in this pressure range of
0.60 to 1.4 GPa. Notably, the collapse pressure is lower than
that of NiTEPP/C60, which retains its single crystal structure up
to 2.2 GPa.40 Still, the level of pressure resistance for NiTEPP/
C70 remains relatively high even when compared with other
porous organic crystals.51,52 Analysis of the changes in the
lattice parameters as a function of the applied pressure
revealed that, similar to NiTEPP/C60, structural collapse in
NiTEPP/C70 is accompanied by elongation along the c axis and
an increase in the γ angle (Fig. 3c and d). This deformation
mode is consistent with the structural response expected when
pressure is applied from the obtuse γ side of the rhombic unit-
cell. The lower collapse pressure of NiTEPP/C70 is likely attribu-
table to the anisotropic molecular shape of C70. Although the
overall crystal symmetry is described by space group P3̄c1 in
both NiTEPP/C70 and NiTEPP/C60, local structural analysis
indicates that the C70 molecules do not occupy crystallographi-
cally equivalent positions relative to the three surrounding
NiTEPP units. Such microscopic structural distortions are

Table 1 Calculated interaction energies (ΔE) and dispersion contri-
butions (ΔEdisp) per fullerene

ΔE (kcal mol−1) ΔEdisp (kcal mol−1)

NiTEPP/C60 −94.98 −102.60
NiTEPP/C70 (type 1) −102.05 −111.78
NiTEPP/C70 (type 2) −102.05 −111.35
NiTEPP/C70 (type 3) −101.17 −112.06
NiTEPP/C70-n −88.47 −94.93
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therefore considered to facilitate pressure-induced structural
collapse.

In the case of NiTEPP/C70-n, the unit-cell volume was
slightly decreased with increasing pressure, compared to
NiTEPP/C70 (Table S5 and Fig. 3e). This difference in the
decreased volume is likely because NiTEPP/C70-n does not
have any voids in its crystal structure. The limited compressi-
ble free volume is likely to be attributed for the smaller
volume change against the applied pressure. When the
pressure was increased from 3.6 to 5.7 GPa, the indexing
match rate of the observed diffraction peaks against the unit-
cell was significantly decreased (Fig. 3f), accompanied by an
anomalous increase in the detected unit-cell volume. Unlike
NiTEPP/C70, neither the b axis length nor the β angle, both of
which exhibited relatively large variations, exhibited a systema-

tic trend with increasing pressure (Fig. 3g and h). These
results indicate that NiTEPP/C70-n has a relatively high-
pressure resistivity of among nonporous molecular crystals.53

Conclusions

In this study, two types of the porphyrin-fullerene cocrystals
were prepared from NiTEPP and C70: porous NiTEPP/C70

cocrystal and nonporous NiTEPP/C70-n cocrystal. Single-crystal
X-ray diffraction analyses of NiTEPP/C70 and NiTEPP/C70-n
revealed the differences in the porphyrin-to-fullerene ratio and
these packing arrangement. High-pressure scXRD measure-
ments elucidated the pressure-dependent structural behaviors
of both cocrystals and their structural robustness under high
pressure. In addition, DFT calculations revealed that cocrystal-
lization of NiTEPP with C70 provides greater stabilization than
that with C60. The detailed comparison of the intermolecular
interactions in NiTEPP/C60 and NiTEPP/C70 revealed that the
increasing the contact surface area between C70 and NiTEPP
framework in NiTEPP/C70 critically increased the porphyrin-
fullerene interactions. The insights gained in this study
provide valuable a useful guidance for the design of crystalline
architecture based on intermolecular interactions and are
expected to contribute to advances in crystal engineering and
related fields.
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Fig. 3 (a–d) Changes in the cell parameters as a function of applied
pressure for NiTEPP/C70. (a) The unit cell volume V. (b) The match rate
of detected diffraction peaks to the indexed unit cell. (c) The c axis
length. (d) The γ angle. (e–h) Changes in the cell parameters as a func-
tion of applied pressure for NiTEPP/C70-n. (e) The unit cell volume V. (f )
The match rate of detected diffraction peaks to the indexed unit cell. (g)
The b axis length. (h) The β angle. The ranges of both the vertical and
horizontal axes are unified for NiTEPP/C70 and NiTEPP/C70-n for direct
comparison. Note that pressures above 1.9 GPa were not measured for
NiTEPP/C70.
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CCDC 2527177–2527179 contain the supplementary crystal-
lographic data for this paper.54a–c
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