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Abstract: A rigid hydrogen-bonded organic framework (HOF) was 
constructed from a C3-symmetric hexatopic carboxylic acid with a 
hydrophilic18-crown-6-ether (18C6) component. Despite the flexible 
macrocyclic structure with many conformations, the derivative with 
three dicarboxy-o-terphenyl moieties in the periphery yielded a rigid 
layered porous framework through directional intermolecular 
hydrogen bonding. Interestingly, the HOF possesses 1D channels 
with bottleneck composed of 18C6 rings. The HOF shows proton 
conductivity (1.12×10–7 S cm–1) through Grotthuss mechanism (Ea = 
0.27 eV) under 98%RH. The present unique water channel structure 
provides an inspiration to create molecular porous materials. 

Since it was reported by Pedersen in 1967,[1] crown ethers 
including [18]crown-6-ether (18C6) have been one of the most 
important ionophores and building block molecules in host-guest 
and supramolecular chemistry because of its highly-selective 
recognition ability toward specific cationic and molecular 
species.[2] Particularly, crystalline porous frameworks composed 
of crown ether building blocks are promising candidates for 
functional materials, because crown ether moieties can ideally 
be arranged with precise periodicity and orientation, and 
furthermore, guest molecules or analytes are capable of 
accessing to the crown ether through the channel spaces. A 
handful of metal-organic frameworks (MOFs)[3] and covalent 
organic frameworks (COFs)[4] composed of crown ether building 
blocks were reported. For example, Shu and coworkers 
demonstrated that the MOFs incorporating dibenzo18C6 
showed the improved hydrogen uptake depending on cations 
inserted in the crown ether moiety.[3b] However, such 
frameworks are very limited because of a highly flexible crown 

ether skeletons with various low-symmetric conformations.[5] 
Particularly, there is no example of crown ether-based porous 
hydrogen-bonded organic frameworks (HOFs),[6] although 
reversible H-bonds in HOFs can usually provide highly-
crystalline porous frameworks.  

 
Figure 1. (a) Nonplanar conformation of pristine T18C6 in solid state. (b)
Chemical structure of 3CT-18C6. (c) Expected H-bonded porous network
composed of 3CT-18C6. 
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In this study, we newly designed 18C6 derivative with three 
4,4’-dicarboxy-o-terphenyl (CT) groups (3CT-18C6) as shown in 
Figure 1. Although pristine tribenzo18C6 exhibits a non-planar 
conformation in crystalline states (Figure 1a),[7] we expected that 
incorporation of three CT groups in 18C6 provides a crystalline 
HOF with permanent porosity by a rigid spacer and highly-
directional and predictable H-bonding between the carboxy 
groups (Figure 1b,c).[8] Herein, we demonstrate that 3CT-18C6 
forms a C3-symmetric rigid crystalline HOF 3CT-18C6-I. This is 
the first example of a rigid HOF with permanent porosity 
composed of flexible crown ether derivatives, although non-
porous framework based on 18C6 was reported.[9] Interestingly, 
the HOF has one-dimensional (1D) channels with a shish kebab-

like shape with the bottleneck part composed of eclipse-stacked 
18C6 macrocycles. The HOF shows proton conductivity through 
Grotthuss mechanism under 98%RH. This HOF can provide 
fundamental insight of the proton conducting pass through the 
narrow 18C6 channel.  

3CT18C6 was synthesized from tribenzeo18C6 (for details, 
see SI) and recrystallized by slow evaporation using a mixed 
solution of N,N-dimethylformamide (DMF), H2O, ethanol and 2M 
HCl (v/v = 2/0.5/0.3/0.05) at 80 °C, afforded a HOF 3CT18C6-I 
as colourless crystals. Single crystal X-ray diffraction (SCXRD) 
analysis revealed that 3CT-18C6 crystallizes in trigonal space 
group R-3 to give 3CT18C6-I possessing a hexagonal network 
(HexNet) structure (Figure 2, Table S1).[10] The molecule has 

 
Figure 2. Crystal structure of HOF 3CT-18C6-I. a) H-bonded HexNet sheet with two kinds of voids I and II, where the carboxy groups make mono-connected
dimer. (b) Stacking manner of the HexNets sheets: (top) inverted stacking in which the 18C6 moieties are overlaped, (bottom) off-set stacking in which void II is
covered by 18C6 moiety. (c) Packing diagram in which the bilayer formed through inverted stacking of the HexNet is colored in pink, purple, or dark blue. (d)
Water molecules disordered in the dimer of 18C6, in which peripheral carboxyphynyl groups are omitted for clarity. 

Figure 3. Crystal structure of activated HOF 3CT-18C6-Ia. a) H-bonded HexNet bilayer, where the carboxy groups make interlayer H-honds to give trancated
tetramer. (b) Water molecules remained in the dimer of 18C6, in which peripheral carboxyphynyl groups are omitted for clarity. (c) Packing diagram in which the
bilayer formed through inverted stacking of the HexNet is colored in pink, purple, or dark blue. (d) Visualized solvent accesible surface, where purple and sky
blue indicate outside and inside of the void. (e) 1D channel with bottle neck of the dimeric 18C6 moiety. 
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three-fold axis at the centre of the macrocycle. The oxygen and 
sp3-carbon atoms in the macrocycle are disordered in two 
positions with an occupancy of 0.56 : 0.44 (Figure S1). The 
molecules are connected through a twisted single H-bond 
between the carboxy groups with a O···O distance of 2.60 Å and 
a dihedral angle of ca. 67.2° to form a 2D HexNet sheet (Figure 
2a). The 2D networks are stacked in two ways (Figure 2b): (1) 
an inverted stacking fashion with a mean interlayer distance of 
3.90 Å so as the 18C6 moieties to be overlapped with an 
equipped manner and (2) an offset stacking fashion with 
interlayer distance of 3.81 Å. The layers are stacked without 
interpenetration to give layered HOF 3CT-18C6-I (Figure 2c) 
with shish-kebab shaped 1D channels accommodating solvent 
guest molecules (Figure S2). It is noteworthy that the inverted 
stacking makes two molecules of 3CT-18C6 form a bottleneck of 
the 1D channel (Figure 2d). One water molecule is 
accommodated in a space of the dimerized 18C6 moiety with a 
disordered fashion. The peripheral phenylene groups are 
alternately contacted to those in the other molecule with the 
contact angle of 74.12°, which is typical face-to-edge interaction 
to stabilize the dimer (Figure S3). The potential solvent 
accessible void space accounts for approximately 33.7% of the 
whole crystal volume as estimated by PLATON.[11] A powder X-
ray diffraction (PXRD) pattern of as-synthesized HOF 3CT-
18C6-I is in good agreement with the pattern simulated from the 
SCXRD structure, indicating high phase purity and good stability 
of the HOF in bulk amount (Figure S4). Thermogravimetric (TG) 
analysis of the as-formed 3CT-18C6-I and 1H NMR 
spectroscopy of 3CT-18C6-I dissolved in in DMSO-d6 indicate 
that the HOF contains water and DMF molecules (Figures S5 
and S6, respectively). Variable temperature PXRD experiments 
indicated that 3CT-18C6-I underwent irreversible structural 
changes upon heating (Figure S7).  

To remove included solvent molecules from the framework, 
as-formed HOF 3CT-18C6-I was heating at 160 °C under a 
vacuum condition for 1 day. PXRD indicated that the activated 
material retained crystallinity (Figure S8), and moreover, 
SCXRD analysis successfully revealed the crystal structure of 
activated HOF 3CT-18C6-Ia (Figue 3). The crystal structure of 
3CT-18C6-Ia was desymmetrized through activation: the space 
group was changed from R-3 into R3c, and the structure 
consists of crystallographically independent two molecules of 
3CT-18C6 (A and B), both of which have a C3-axis at the centre 
of the 18C6 ring. The independent molecules respectively form 
the corresponding HexNet layers, which are stacked with the 
inverted manner to give a bilayer similar with the case of 3CT-
18C6-I. More detailed comparison revealed the following 
structural differences between 3CT-18C6-I and 3CT-18C6-Ia. 
3CT-18C6-Ia involves a truncated interlayer H-bonded tetramer 
among carboxy groups as shown in Figure 3a(inset), in instead 
of a single-connected H-bond. Furthermore, a stacked dimer 
shows different conformation of the peripheral phenylene groups 
(Figure S9). The phenylene groups are contacted in nearly 
perpendicular in 3CT-18C6-I as described above, while the 
groups are contacted in nearly parallel manner with the contact 
angle of 14° in the case of 3CT-18C6-Ia (Figure S3). It is not 
negligible that water molecules still remain in the void of 3CT-
18C6-Ia even after activated at high temperature under vacuum 
condition (Figure 3b), which was also supported by TG analysis 
(Figure S10). Particularly, one of them is located at the middle of 
the 18C6 dimer. The void space retains the shish-kebab shaped 

1D channel. The potential solvent accessible void space 
accounts for 17.0% of the whole crystal volume as estimated by 
PLATON.[11] The structural feature of the channel is that the 
bottle-neck part is composed of the hydrophilic 18C6 dimer, 
while the other part is of the hydrophobic CT moieties.  

 The HOF showed no significant N2 adsorption at 77 K, while 
showed moderate CO2 uptake (76.5 cm3g-1 at P/P0 = 0.99) at 
195 K (Figure 4a), indicating that the channel has a narrow 
aperture which can pass smaller CO2 molecules with the kinetic 
diameter of 3.30 Å, instead of N2 with that of 3.64 Å. A 
quadrupolar nature of CO2 is also anticipated to play a role for 
adsorption as reported in many HOF systems. The CO2 sorption 
isother shows rapid uptake at low pressure region of P/P0 < 0.05, 
indicating existence of micro pore. The remarkable histeric 
behabior is probobly cased from bottlenecked 1D structure of 
the pore. H2O adsorption isothers shows nearly liniear isothers 
with uptake of 7 mmol g–1 at P/P0 = 0.9 (Figure 4b). The amount 
of absorbed water in 3CT-18C6-Ia is larger than that of HOF-GS-
10 possessing narrow channel ( 3.47 mmol g-1), while smaller 
than that of HOF-GS-11 with larger channel (11.6 mmol g-1), 
both of which are representative protonconductive bicomponent 

HOFs.[12]   
Since 3CT-18C6-Ia has the permanent pore composed of 

the 18C6 and shows no structural changes upon H2O uptake 
(Figure S11), 3CT-18C6-Ia was expected to exhibit proton 
conductivity under high relative humidity conditions. The 
temperature dependence of the Nyquist diagram of 3CT-18C6-Ia 
in ~85 and ~98 %RH is summarized in Figures S12a and 5a, 
respectively. The Nyquist diagrams of 3CT-18C6-Ia at ~98%RH 
are semicircles from 24 to 65 °C. The proton conductivity of 
3CT-18C6-Ia was estimated from an equivalent circuit model (for 
details, see Figures S12b and S12c, and Tables S2 and S3), 
and temperature-dependence of bulk conductivity are 
summarized as Arrhenius plots (Figure 5b). From the plot, the 
proton conductivities at 20 °C under ~85%RH and 98%RH were 
estimated to be 1.49×10–8 S cm–1 and 1.12×10–7 S cm–1, 
respectively. The conductivity of the present system is 
comparable to previously reported non-porous 18C6-based 
framework 2CT-18C6-III that showed proton conductivity of 3.43 
S cm–8 (27 °C, 85%RH),[9] and is smaller compared with 
reported other HOFs,[13] probably due to a narrow bottleneck 
controlled by 18C6. For example, mono-component HOFs p-

Figure 4. Sorption isotherms of CT-18C6-Ia for (a) N2 at 77 K and CO2 at 195
K and (b) water at 298 K. Open symbols: adsorption. Solid symbols:
desorption. 
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6PA-HPB,[14] HOF-6a,[15] and HOF-H3L[16] showed the 
conductivity of 2.5×10-2 (rt, 95%RH), 3.4×10-6 (27 °C, 97%RH), 
and 6.91×10-5 (100 °C 98%RH) S cm-1, respectively. Moreover, 
acid-based combined multi-component HOFs showed much 
larger proton conductivity: 0.75×10-2 S cm-1 for HOF-GS-10[12] 
(30 °C, 95%RH), 2.2×10-2 S cm-1 for CPOS-2[17] (60 °C, 98%RH), 
9.0×10-2 S cm-1 for UPC-H3[18] (80 °C, 99%RH), and 2.37×10-1 S 
cm-1 for a single crystal of UPC-H9[19] (80 °C 60%RH). The 
increase in proton conductivity with increasing relative humidity 
is the same as that observed for proton conductive HOFs.[12] The 
Ea of 3CT-18C6-Ia at ~85 and 98%RH is 0.75 and 0.27 eV, 
respectively. The proton conduction mechanisms at ~85 and 
~98%RH are attributed to Vehicle and Grotthus mechanisms, 
respectively.[20] The efficient proton transfer pathway was 
constructed at high relative humidity, resulting in a higher proton 
conduction value, and a lower Ea consistent with the Grotthuss 
mechanism. This corresponds to the results of the H2O 

adsorption isotherm, where more H2O was adsorbed at higher 
relative pressures. 

 In summary, we synthesized 3CT-18C6 and successfully 
constructed a C3-symmetric rigid crystalline HOF 3CT-18C6-I. 
This is the first example of a rigid, porous HOF composed of 
flexible crown ether derivatives.  The activated HOF 3CT-18C6-
Ia has one-dimensional (1D) channels with a shish kebab like 
shape and the bottleneck part of the channel composed of 
eclipse-stacked 18C6 macrocycles. Because of the 1D channel, 
the HOF shows proton conductivity through Grotthuss 
mechanism under 98% of RH. The present HOF with unique 
water channel structure provides an inspiration to create 
molecular porous materials. 
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