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Abstract: Porous organic salts (POSs) are organic
porous materials assembled via charge-assisted hydro-
gen bonds between strong acids and bases such as
sulfonic acids and amines. To diversify the network
topology of POSs and extend its functions, this study
focused on using 4,4’,4’’,4’’’-(9,9’-spirobi[fluorene]-
2,2’,7,7’-tetrayl)tetrabenzenesulfonic acid (spiroBPS),
which is a tetrasulfonic acid comprising a square planar
skeleton. The POS consisting of spiroBPS and
triphenylmethylamine (TPMA) (spiroBPS/TPMA) was
constructed from the two-fold interpenetration of an
orthogonal network with pts topology, which has not
been reported in conventional POSs, owing to the shape
of the spirobifluorene backbone. Furthermore, combin-
ing tris(4-chlorophenyl)methylamine (TPMA-Cl) and
tris(4-bromophenyl)methylamine (TPMA-Br), which
are bulkier than TPMA owing to the introduction of
halogens at the p-position of the phenyl groups with
spiroBPS allows us to construct novel POSs (spiroBPS/
TPMA-Cl and spiroBPS/TPMA-Br). These POSs were
constructed from a chiral helical network with pth
topology, which was induced by the steric hindrance
between the halogens and the curved fluorene skeleton.
Moreover, spiroBPS/TPMA-Cl with pth topology ex-
hibited circularly polarized luminescence (CPL) in the
solid state, which has not been reported in hydrogen-
bonded organic frameworks (HOFs).

Introduction

Organic-based porous materials, containing organic mole-
cules as building blocks, include metal–organic frameworks
(MOFs),[1] which are constructed by coordination bonds,
and covalent organic frameworks (COFs),[2] which are
constructed by covalent bonds. These materials have been
aggressively investigated owing to their high structural
designability. Specifically, diversifications in pore shapes,
pore environments, and functions have been achieved by
modifying the molecular building blocks, and they are
expected to be used in a wide range of applications, such as
gas storage and separation,[3] heterogeneous catalysis,[4] and
sensing.[5]

Recently, a new class of organic-based porous materials,
porous organic salts (POSs)[6] has emerged. POSs are a type
of hydrogen-bonded organic frameworks (HOFs).[7] Among
the many kinds of hydrogen bonds, POSs are mainly
constructed by highly ionic hydrogen bonds, that is, charge-
assisted hydrogen bonds between strong acids and bases. In
charge-assisted hydrogen bonds, the acidity and basicity of
the building blocks affect their strength.[6a] Therefore, POSs
with charge-assisted hydrogen bonds can be more rigid than
HOFs with neutral hydrogen bonds. In addition, POSs are
composed of multiple molecules, i.e., acid molecules and
base molecules, allowing to achieve various porous struc-
tures and functionalities. As with common hydrogen bonds,
charge-assisted hydrogen bonds can be reversibly associated
and dissociated, thereby allowing POSs to form thermody-
namically stable and highly crystalline structures. Moreover,
their high solubility in polar organic solvents such as
methanol, N,N-dimethylacetamide, N, N-dimeth-
ylformamide, and dimethyl sulfoxide, allows POSs to be
dissolved back into the constituting components and to be
formed via recrystallization. This would be good for
processing the POSs, for instance, into membranes,[8] which
is very important for their applications. As shown on the left
side of Figure 1a, when bulky TPMA derivatives and
sulfonic acids were combined, they specifically formed [4+

4] supramolecular clusters, these supramolecular clusters
self-assemble to form a dia network (Figure 1a, center). The
networks are subsequently interpenetrated to construct
diamondoid porous organic salts (d-POSs)[6c–f] (Figure 1a,
right). The hierarchical construction of d-POSs based on the
formation of supramolecular clusters suppresses excessive
network interpenetration, and results in high porosity.[6d]

However, previous studies have used linear or tetrahedral
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sulfonic acids because the objective of those studies was to
construct stable and rigid HOFs with permanent
porosity.[6d–f] Therefore, the topology of the constructed
networks was limited to dia networks owing to the
tetrahedral shape of the supramolecular cluster. The top-
ology of the network determines the pore shape and heavily
affects the functionality of the porous material, and there-
fore diversification of topology is very important for the
development of POSs.

In this study, we attempted to diversify the network
topology of POSs by varying the shape of the molecular
skeleton in the building blocks, particularly sulfonic acids.
To this purpose, we chose 4,4’,4’’,4’’’-(9,9’-spirobi[fluorene]-
2,2’,7,7’-tetrayl)tetrabenzenesulfonic acid (spiroBPS), a rigid
and almost square-shaped tetrasulfonic acid comprising of a
square planar skeleton (Figure 1b, left) that prevent to form
a dia network.

Results and Discussion

SpiroBPS/TPMA, a porous organic salt, was prepared by
mixing spiroBPS (i.e., a square-planar tetrasulfonic acid)
and TPMA at a molar ratio of 1 : 4 in methanol, followed by
recrystallization using mesitylene as a template molecule.
The formation of charge-assisted hydrogen bonds between
spiroBPS and TPMA was confirmed by 1H NMR. The
protonation of the amino group of TPMA resulted in a large
downfield shift of its chemical shift, which was attributed to
strong deshielding[9] (Figure S1a).

The crystal structure of spiroBPS/TPMA was deter-
mined by single-crystal X-ray crystallography (Figure 2a,
network). In spiroBPS/TPMA, spiroBPS was arranged in
one-dimensional chains and formed an orthogonal network
with pts topology by crossing each other perpendicularly at
the supramolecular clusters (Figure 2, charge-assisted hydro-
gen bonding and Figure S2a). Then, the porous structure
was constructed by the two-fold interpenetration of this pts

network (Figure 2a, network). The pores filled with tem-
plate molecules were micropores, with diameters of 3.6–
6.5 Å, had a porosity of 23 %, as calculated by the
PLATON/VOID routine[10] (Figure 2a, crystal structure).
This pore size was smaller than that of conventional d-POSs
(4.5–13 Å). The reasons for these results are discussed in the
following sections.

Representative porous structures formed by the network
with two types of topologies, dia and pts, are shown in
Figures 3a and 3b, respectively. Evidently, the dia topology,
which constructs d-POSs, forms green hexagonal windows,
whereas the pts topology, which constructs spiroBPS/
TPMA, forms small orange square windows and large blue
hexagonal windows. For the same edge length, the pore
diameters in the decreasing order are as follows: Blue
hexagonal, green hexagonal, and orange square windows.
The interpenetrated network fills the blue hexagonal
windows in spiroBPS/TPMA, leaving only the orange
square pores, and thereby leading to smaller pores than
those reported in previous studies.[6c–f]

Thermogravimetric analysis (TGA) shows the high
thermal stability of spiroBPS/TPMA, with decomposition
temperatures exceeding 200 °C (Figure S3a). A template-
free spiroBPS/TPMA sample was prepared for gas adsorp-
tion measurements by removing the template molecules via
solvent exchange with diethyl ether followed by thermal
activation at 100 °C. PXRD measurements confirmed that
spiroBPS/TPMA did not show any shift in the peak position
before and after activation (Figure S4a, blue and red lines),
indicating structural stability that maintained the original
structure of the sample after activation. The gas adsorption
properties of activated spiroBPS/TPMA were evaluated
using carbon dioxide (CO2, 195 K), nitrogen (N2, 77 K),
oxygen (O2, 77 K), and hydrogen (H2, 77 K) as shown in
Figure 4. The adsorbed amount of gas was 191 mL (STP)/g
@0.20 atm for O2, 147 mL (STP)/g @1.0 atm for N2, 125 mL
(STP)/g @1.0 atm for CO2, and 77.3 mL (STP)/g @1.0 atm
for H2. The adsorption isotherms for all gases were Type I,

Figure 1. Schematic representations of the construction of POSs using TPMA with (a) MTBPS or (b) spiroBPS.
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indicating that the micropores observed in the crystal
structure before activation were retained. The Brunauer–

Emmett–Teller (BET) surface area calculated from the N2

adsorption isotherms was 511 m2/g, showing a larger BET
surface area than that of conventional d-POSs (439 m2/g[6f])
despite the lower porosity (23%) obtained in the present
study. Furthermore, conventional d-POSs composed of
unsubstituted TPMA[6c,e,f] had a weak interaction with gas
molecules and selectively adsorbed only CO2, which has a
strong quadrupole-quadrupole interaction with aromatic
rings.[11] On the other hand, spiroBPS/TPMA formed micro-
pores, which had a strong confinement effect[12] on gas
molecules and adsorbed a wide range of gases (O2, N2, CO2,
H2). Specifically, O2 showed a larger amount of adsorption
than other gases due to its kinetic diameter which is slightly
smaller than the minimum pore diameter of spiroBPS/
TPMA (3.6 Å).

To further diversify the network topology, POSs were
prepared by combining spiroBPS with TPMA� X (X=Cl,
Br), which is halogenated at the p-position of TPMA. In the
crystal structure of spiroBPS/TPMA, the distance between
hydrogen centers at the p-position of TPMA between the
supramolecular clusters was 3.06 Å (Figure S7). The halo-
genation of the p-position increases the van der Waals
radius from 1.22 Å (hydrogen atom) to 1.75 Å (chlorine
atom) and 1.85 Å (bromine atom), resulting in steric
hindrance by the collision of TPMA substituents between
the supramolecular clusters, which prevents the formation of
the same molecular configuration as spiroBPS/TPMA, and
is expected to result in the construction of a different
network.

Single-crystal X-ray crystallography revealed that spi-
roBPS/TPMA� X was constructed by the non-interpenetra-
tion of a helical network with pth topology (Figure S2b), in
which one-dimensional chains formed by spiroBPS were
crisscrossed at 60° (Figures 2b and 2c). The pores were
extended in a three-dimensional network, with a pore size

Figure 2. Schematic representations of the construction and the resulting porous and solvent-accessible void structures of (a) spiroBPS/TPMA, (b)
spiroBPS/TPMA-Cl, and (c) spiroBPS/TPMA-Br.

Figure 3. Schematic representations of the pore shapes in the (a) dia
network, (b) pts network, and (c) their building blocks.

Figure 4. Gas adsorption isotherms of activated spiroBPS/TPMA at
195 K for CO2 and 77 K for O2, N2, and H2.
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8.9–20.8 Å and a porosity of 52% for spiroBPS/TPMA-Cl
(Figure 2b), and with a pore size 15.4–20.3 Å and a porosity
of 52 % for spiroBPS/TPMA-Br (Figure 2c). In contrast to
spiroBPS/TPMA, the position of the template molecules in
spiroBPS/TPMA� X could not be determined by single-
crystal X-ray crystallography due to their severe disorder
caused by the expanded pores,[13] and those residual electron
densities were removed by the PLATON/SUEEZE
routine.[14] The lower number of interpenetrations caused
spiroBPS/TPMA� X to exhibit a higher porosity than these
of spiroBPS/TPMA and most conventional porous POSs
(41.4%[6f]) consisting of sulfonic acid and amine. As the
porosity increased, the structure became more flexible, and
after activation, crystallinity was likely decreased (Figur-
es S4b and S4c, red lines). However, the original crystallinity
could be regenerated by the resoaking in the template
molecules (Figures S4b and S4c, brown lines).

To clarify the reasons for the different structures of
spiroBPS/TPMA and spiroBPS/TPMA� X, we focused on
four spiroBPS molecules forming supramolecular clusters
and compared their structures. The spirobifluorene skeleton
consists of a curved backbone, which allows the POS’s
network to expand in multiple directions from a tetrahedral
supramolecular cluster (Figure S9, bottom). SpiroBPS/
TPMA exhibits a highly symmetric 90° crossed conforma-
tion with “default” pts topology (Figure S10, top) due to the
absence of steric hindrance. It should be noted that the
default structure is the expected structure that would be
formed when constructing a periodic structure without a
steric hindrance.[15] On the other hand, due to the steric
hindrance caused by the substitution at the p-position of
TPMA, spiroBPS/TPMA� X is not able to take the same
conformation as spiroBPS/TPMA. Therefore, by lowering
the symmetry (Figure S10, bottom), a sufficiently large space
around the sulfo group was obtained for the formation of

supramolecular clusters. As a result, spiroBPS/TPMA� X
exhibits a lower symmetric 60° crossed conformation,
leading to the formation of a network with pth topology.

The spiroBPS/TPMA� X is chiral to be constructed from
the helical network of the pth topology without inversion
and is expected to show circularly polarized luminescence
(CPL). However, no CPL signal was observed in the bulk
sample of spiroBPS/TPMA� X (Figure 5b). The structure
was constructed using mesitylene, an achiral template
molecule, which was considered to have crystallized as a
racemic conglomerate[16] of right- or left-handed crystals by
spontaneous resolution. Therefore, we performed a repre-
sentative experiment to induce chirality in spiroBPS/
TPMA-Cl using a chiral template molecule as the chiral
source.[17] As a result, by recrystallization with β-pinene as a
template, chiral structures were successfully obtained com-
prising of a right-handed helix (P-spiroBPS/TPMA-Cl)
(Figure 5a, left) from (+)-β-pinene and a left-handed helix
(M-spiroBPS/TPMA-Cl) (Figure 5a, right) from (� )-β-
pinene. In addition, the high phase purity of the obtained
chiral structures was confirmed by the good agreement
between the calculated and experimental PXRD patterns
(Figure S11). As with achiral spiroBPS/TPMA-Cl, the
positions of the template molecules in P-/M-spiroBPS/
TPMA-Cl could not be determined, therefore their absolute
structures were confirmed by their refined Flack parameter-
0.009(8) and 0.011(6).

Solid-state CPL measurements yielded nearly symmet-
rical CPL signals in response to the helical direction of P-
spiroBPS/TPMA-Cl and M-spiroBPS/TPMA-Cl (Fig-
ure 5b). The emission was violet at a wavelength of
approximately 385 nm, which corresponded to the maximum
emission wavelength of spiroBPS (Figure 5c). The quality of
the CPL was evaluated using the luminescence dissymmetry
factor glum,[18] defined as the following,

Figure 5. (a) Helical structures, (b) CPL spectra, and (c) PL spectra of spiroBPS/TPMA-Cl. In the pre-processing for the measurement, the crystals
were gently ground in Fomblin® PFPE (perfluoropolyether) fluid for uniform dispersion. Grinding likely caused partial damage to the crystals,
which resulted in low symmetric CPL spectra.[21] In our continuous work, the achievement of membrane fabrication of POSs will eliminate the
grinding step in the pre-processing of measurement, and the preparation of a homogeneous membrane will provide high symmetric CPL spectra.
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glum¼ 2 IL� IR
ILþIR (1)

where IL and IR are the intensities of the left- and right-
handed CPL, respectively. The maximum calculated glum

values were 4.8×10� 3 for P-spiroBPS/TPMA-Cl and
� 7.0×10� 3 for M-spiroBPS/TPMA-Cl, which are comparable
to chiral helical polymers (glum =10� 3–10� 1).[19] To the best of
our knowledge, there is only one study reporting CPL for
supramolecular organic frameworks (SOFs)[20], including
HOFs, in solution, and no example to date reporting CPL in
the solid state. Therefore, spiroBPS/TPMA-Cl is the first
example of HOF exhibiting CPL in the solid state.

Conclusion

Chirality has been one of the core research topics in the
multidisciplinary fields of materials science, chemistry,
biology, medicine, and physics. The subject of chirality in
materials has recently emerged as a new “growth point” of
nanoscience, and major efforts have been made to prepare
chiral materials with high chiral purity. In this context, POSs
are promising for chiral materials with high chiral purity
owing to their high crystallinity resulting from the reversible
charge-assisted hydrogen bonds, and their efficient chiral
induction from achiral building blocks using chiral solvents
and additives can be expected.

In this study, to construct chiral POSs, its network
topologies were diversified by utilizing square planar
spiroBPS and p-position modification of TPMA� X. De-
pending on the bulkiness of the TPMA� X, the network
topologies of POSs were diversified, from an orthogonal
network with pts topology (spiroBPS/TPMA), which has
not been reported for conventional POSs, to a helical
network with pth topology (spiroBPS/TPMA-Cl, spiroBPS/
TPMA-Br), which is constructed for the first time in all-
organic porous materials. Interestingly, the latter structures
with pth topology were chiral even though they consisted of
only achiral building blocks, and their right-/left-handed
structures were successfully separated by the chiral induc-
tion. Furthermore, spiroBPS/TPMA-Cl exhibited the first
solid-state CPL in HOFs, due to its chiral helical network.
In our continuous work, we will investigate the application
of POSs, based on the high porosity, chirality, and facile
membrane fabrication with the high processability. For
example, this application will lead to chiral separation by
enantioselective guest adsorption[22] and membrane
separation.[23] Therefore, this study shows the proof-of-
concept of POSs (one of the HOFs) as chiral materials with
high chiral purity owing to their high crystallinity, which
accelerates further investigations for chiral materials with
high chiral purity.
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Spirobifluorene-Based Porous Organic
Salts: Their Porous Network Diversification
and Construction of Chiral Helical Lumines-
cent Structures

Porous organic salts (POSs) with a
chiral helical network were constructed
from a square-planar sulfonic acid and
p-position-modified triphenylmeth-
ylamine, both achiral components. The
chirality of the POSs could be controlled
by chiral induction, and the obtained
porous materials composed of hydrogen
bonds exhibited solid-state circularly
polarized luminescence (CPL). This
study highlights applications for POSs
as chiral materials.
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