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Dynamic Structural Reconstruction of (Guanidinium+)2(Benzene-

1,4-disulfonate� ) Host Crystal by Guest Adsorption

Haruka Abe,a Takahiro Kobayashi,a Norihisa Hoshino,a, b Takashi Takeda,a, b Yasutaka Suzuki,c Jun 
Kawamata,c and Tomoyuki Akutagawaa, b*

Guanidinium (G+) and benzene-1,4-disulfonate (BDS� ) form a rigid electrostatic cation–anion crystal lattice, which 

undergoes an interesting dynamic structural reconstruction through guest adsorption–desorption processes with H2O, 

pyrrole (Pyrr), pyrazine (Pyz), thiophene (TP), pyridine (Py), 1,4-dioxane (Diox), or aniline (Ani). The host lattice of 

bis(guanidinium) benzene-1,4-disulfonate, (G+)2(BDS� ), which does not contain void spaces initially, changed to host–guest 

crystals of (G+)2(BDS� )•(Guest)x upon guest adsorption (x = 1, 2, and 3). The cation–anion electrostatic N–H+•••–O3S– 

hydrogen bonds between the G+ cation and BDS�  dianion formed tightly bound two-dimensional (2D) structures. These 

layers are connected by perpendicular BDS�  dianions, forming the guest adsorption crystalline pores. The adsorption–

desorption isotherm for Diox at 298 K indicated the formation of (G+)2(BDS� )•(Diox)3, which was consistent with the single-

crystal X-ray structural analysis. Single crystals of (G+)2(BDS� )•(Py-H2O)2 consist of two hydrogen-bonded [(G+)2(BDS� )]2 

bilayers connected by the BDS�  dianions, forming crystalline pores that accommodate 2 Py guest molecules. The H2O 

molecules in (G+)2(BDS� )•(Py-H2O)2 are lodged in the intralayer, leading to the [(G+)2(BDS� )•••(H2O)2•••(G+)2(BDS� )] 

hydrogen-bonded bilayer. The electrostatic cation–anion host lattice of (G+)2(BDS� ) responded to the guest adsorption–

desorption cycle by a dynamic structural reconstruction. A guest adsorption of polar Ani into (G+)2(BDS� ) host changed the 

crystal symmetry from centric P-1 to acentric P21 of (G+)2(BDS� )•(Ani)3.

Introduction

The formation of highly designable molecular assemblies is 

enabled by various intermolecular forces such as electrostatic, 

hydrogen bonding, charge-transfer, dipole-dipole, 

hydrophobic, and van der Waals interactions. The energies of 

these interactions range from 0.1–2 kJ molC% (van der Waals) 

and 5–20 kJ molC% (hydrogen bonding) to approximately 100 kJ 

molC% (electrostatic interactions).1–4 Among the intermolecular 

forces, the electrostatic cation–anion interaction is an 

interesting approach to form thermally stable, structurally rigid, 

and dynamic molecular assemblies in ionic liquids.5 Electrostatic 

supramolecular assemblies based on ionic liquid6,7 and 

molecular crystals8–13 have been employed in functional �-

molecular systems such as high-temperature ferroelectrics,9–12 

organic semiconductors,12,13 hierarchical nanostructured 

materials,14,15 and optically active cation–anion receptors.16,17 

Among the electrostatically bound supramolecular assemblies, 

cation–anion salt-based dynamic host–guest crystal lattices are 

interesting research targets in the design of highly stable host 

crystal lattices.18–20 Highly stable host lattices in metal organic 

frameworks (MOFs) and covalent organic frameworks (COFs) 

with strong coordination and covalent bonds (>100 kJ molC%) 

enabled the fabrication of rigid molecular assemblies.21–24 In 

contrast, hydrogen bonded organic frameworks (HOFs) have 

recently attracted much attention as flexible and renewable 

resources for the fabrication of selective guest adsorption 

materials,25–33 and feature intermolecular hydrogen bonds in 

the range of 5–20 kJ molC%.34-36 An essential prerequisite for the 

use of intermolecular hydrogen bonds is the design of 

molecules in which the directionality and strength of the 

intermolecular interactions can be controlled, thus enabling the 

construction of various crystalline spaces for the capture of 

specific guest molecules by the pore spaces of the HOF. Simple 

spherical cations and anions, such as metal and halide ions, 

render the design of anisotropic intermolecular interactions 

difficult because of the formation of closest-packing structures. 

However, highly designable organic cations and anions are 

useful building blocks for various dynamic host–guest 

frameworks because of the electrostatic intermolecular 

interactions that maintain the rigid host framework through the 

guest adsorption–desorption cycle. The energy of electrostatic 

interactions, which lie between those of coordination and 

hydrogen bonds, enables the preparation of dynamic and 

flexible host frameworks for the guest adsorption–desorption 

cycle.
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The three-fold symmetrical guanidine molecule can accept a 

proton (H+) to form the guanidinium (G+) cation, which engages 

in hydrogen bonding. Upon mixing guanidine with a sulfonic 

acid derivative (R-SO3H), intermolecular proton transfer 

delivers the cation–anion ion-paired salt (G+)(RC0#3
 ). 

Subsequently, a network of intermolecular hydrogen bonds 

.C*+•••CO30CR forms a two-dimensional (2D) structure.37–42 By 

designing the R-group in the sulfonate anion, a variety of 

interesting molecular assemblies with physical functionalities 

can be obtained. For example, the simple inorganic 

(G+)(Al3+)(SO4
2 )2 salt is a well-known ferroelectric material,43 

whereas the organic sulfate (G+)(C2H5O-SO3
C) salt shows a 

ferroelectric polarization–electric field (P–E) hysteresis curve at 

170 K.44 The temperature-dependent order–disorder 

conformational change of the C2H5#C group in the 2D-

electrostatic layer is indicated by the ferroelectric–paraelectric 

phase transition at 210 K, and the collective motion of the 

flexible C2H5#C groups plays an important role in the dipole 

inversion and ferroelectricity. Design of the R-unit can form 

interesting soft materials. For example, the formation of a 

smectic liquid crystalline phase in (G+)(CnH2n+1SO3
C) with �<FC%> 

is related to the thermally activated molecular motion of alkyl 

chains on the electrostatic hydrogen-bonded rigid layer, where 

the sliding motion of each layer appeared as a mesophase.45 The 

crystal structures of the hydrogen-bonded supramolecules 

(G+)(p-X-C4H4SO3
C) with ?<C�*3, C.*2, C#�*3, C.#2, C#*  and 

C�##* have been designed to form non-linear optical 

materials, and the para-substituent (X) on the aromatic ring 

affected the crystal symmetry and second-harmonic generation 

(SHG) activity.46 Among a variety of G+ C organosulfonates 

crystals, a simple hydrogen-bonding molecular assembly 

between G+ and benzene-1,4-disulfonate (BDS� ) is a prototype 

of the fabrication for new host–guest compounds of 

(G+)2(BDS� )•(Guest)x. For instance, the guest inclusion pillar 

array has been observed in single-crystals of 

(G+)2(BDS� )•(Benzene)3,47 and the expansion of the pillar unit 

from benzene to naphthalene or anthracene can include the 

guest molecules of naphthalene and anthracene.48 Tightly 

interacted (G+)2(BDS� ) unit without the pore can reconstruct 

the crystal structures according to the size and shape of the 

guest molecules. Recently, it has been reported that the single-

crystals of (G+)2(BDS� )•(Acetone)2 show interesting single-

crystals-to-single-crystal transformation to form (G+)2(BDS� ) 

bearing pillared pores.49 Further chemical designs by Ward et 

al., enables to show the single-crystal-to-single-crystal 

transformation using new dianions of 1,2,4,5-tetra(4-

sulfonatophenyl)benzene (TSPB) or 1,3,5-tri(4-

sulfophenyl)benzene, where the crystal structures of guest 

desorption state have been clearly solved in the single-crystal X-

ray structural analyses.50,51 From the viewpoint of physical 

properties of these host–guest crystals, the 2D molecular 

crystals of (G+)2(4,4’-biphenyldisufonate2 ) and (G+)2(1,5-

napthalenedisufonate2 ) showed high proton conductivities of 

0.75 � 10C� S cmC% and 1.8 � 10C� S cmC% under humidified 

conditions at 300 K, respectively, and their crystal structures 

consist of pillared biphenyl and naphthalene units 

perpendicular to the 2D .C*+•••CO30C hydrogen-bonded 

layers.52 In addition, the 2D-pillared supramolecule (G+)2(4,4’-

biphenyldisufonate2 ) can form various host–guest crystals with 

benzene derivatives such as 1,4-dichlorobenzene, o-xylene, 1,4-

divinylbenzene, and nitrobenzene, and has been utilised as a 

crystal sponge for the structure determination of the guest 

molecules.53 The electrostatically bound (G+)(R-SO3
 ) 

supramolecular assemblies are interesting structural building 

blocks for dynamic host–guest crystalline materials. Herein, we 

report the structural reconstruction from guest-free to host–

guest supramolecular assemblies (G+)2(BDS� )•(Guest)x (x = 1, 2, 

and 3), where BDS�  is benzene-1,4-disulfonate and Guest is 

H2O, pyrrole (Pyrr), pyrazine (Pyz), thiophene (TP), pyridine (Py), 

tetrahydrofuran (THF), benzene (Benz), 1,4-dioxane (Diox), or 

aniline (Ani) (Scheme 1). The crystal structures of 

(G+)2(BDS� )•(THF)2 and (G+)2(BDS� )•(Benz)3 have been already 

reported by Ward et al., and the THF adsorption – desorption 

isotherm of (G+)2(BDS� )•(THF)2 crystals is evaluated to clarify 

the guest inclusion behaviours.37-39 The Connolly solvent 

excluded volume  of guest molecule (VG) increased in the order 

of H2O (10 Å3), Pyrr (56 Å3), Pyz (60 Å3) ~ TP (61 Å3), Py (65 Å3), 

THF (71 Å3) ~ Benz (71 Å3), Diox (78 Å3), to Ani (80 Å3),54 which 

were occupied in the void space of electrostatic (G+)2(BDS� ) 

lattice after the guest adsorption. The crystal structure of guest-

free (G+)2(BDS� ) features charge supported hydrogen bonds 

without guest adsorption pores. While the crystal structures of 

(G+)2(BDS� )•(Guest)x depended on the guest molecules, a 

hydrogen-bonded simple brick of [(G+)2(BDS� )] and bilayer of 

[(G+)2(BDS� )]2 were observed in (G+)2(BDS2C)•(Benz, Diox, Ani, 

Pyrr, or TP)3 and (G+)2(BDS� )•(H2O, Pyz, THF or Py-H2O)2, 

respectively. The dynamic structural reconstruction that 

accompanies the pillar stacking process of the BDS2C dianion 

within the 2D electrostatic hydrogen-bonded layer was 

triggered by the guest molecule adsorption–desorption 

processes.

Scheme 1. Molecular structures of the (G+)2(BDS� ) dynamic host framework and 
guest molecules H2O, pyrrole (Pyrr), pyrazine (Pyz), thiophene (TP), pyridine (Py), 
tetrahydrofuran (THF), benzene (Benz), 1,4-dioxane (Diox), or aniline (Ani).

Experimental

General. Commercially available reagents and solvents were 

used without further purification. Infrared spectra (IR, 400–

4000 cmC%) were measured using KBr pellets on a Thermo Fisher 

Scientific Nicolet 6700 spectrophotometer with a resolution of 

4 cmC%. Thermogravimetric (TG) analyses were conducted using 

a Rigaku Thermo plus TG8120 thermal analysis station with an 

Al2O3 reference at a heating and cooling rates of 5 K minC% under 

nitrogen. The adsorption and desorption isotherms for Diox at 
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298 K and THF at 283 K were measured with a BELSORP-aqua 

automatic volumetric adsorption apparatus (BEL Japan, Inc.). 

The (G+)2(BDS� ) crystalline powder was heated under reduced 

pressure (373 K, <10–2 Pa) to remove the surface-bound H2O 

molecules prior to analysis.

Preparation of host–guest molecular crystals. Single crystals of 

(G+)2(BDS� ) were obtained by mixing guanidinium carbonate 

(G+)2CO3
�C (361 mg, 2.01 mmol) and benzene-1,4-disulfonic acid 

(552 mg, 2.32 mmol) in H2O (1 mL).42 The colourless powder was 

recrystallized from boiling H2O (1 mL), and the obtained 

colourless platelets were collected by filtration. Elemental 

analysis of (G+)2(BDS� ). Calcd. for C8H16N6O6S2: C, 26.96; H, 

4.53; N, 23.58. Found: C, 26.88; H, 4.48; N, 23.33. The 

��
�C���
� molecular crystals of (G+)2(BDS� )•(Benz, Diox, Ani, 

TP, or Pyrr)3, (G+)2(BDS� )•(THF or Py-H2O)2, and 

(G+)2(BDS� )•(H2O) were obtained by recrystallization of 

(G+)2(BDS� ) from benzene/CH3OH (v/v = 1:1), 1,4-dioxane/H2O 

(v/v = 1:1), aniline/CH3OH (v/v = 2:3), thiophene/CH3OH (v/v = 

1:4), pyrrole/CH3OH (v/v = 2:1), THF/H2O (v/v = 3:2), 

pyridine/H2O (v/v = 1:1), and toluene/CH3OH (v/v = 1:2) 

mixtures, respectively. Single crystals of (G+)2(BDS� )•(Pyz) was 

obtained by recrystallization of (G+)2(BDS� ) from CH3OH under 

the excess amount of Pyz.

Table 1. Crystallographic data and data collection and reduction parameters of 

(G+)2(BDS�C) (1) and 1•(Guest) crystals.

Crystal 1 1•(H2O) 1•(Pyz) 1•(Py-H2O)2

Chemical 

formula

C8H16N6

O6S2

C8H18N6O7

S2 
C12H20N8

O6S2

C18H30N8

O8S2

Formula 

weight

356.37 374.39 436.46 550.60

T, K 100 100 100 100
Space 

group

P-1 (#2) Pnma (#62) P21/c (#14) P21/c (#14)

a, Å 6.73165(19) 21.3840(6) 5.94009(17) 10.3886(2)
b, Å 7.0727(2) 8.2026(2) 7.4700(2) 7.34813(19)
c, Å 7.95197(18) 8.2026(2) 20.0860(6) 17.1099(3)
7, degrees 86.2104(17) C C C

8, degrees 72.5954(18) C 90.581(6) 103.338 (1)
9, degrees 85.649(2) C C C

V, Å3 359.851(17) 1684.60(8) 891.22(4) 1270.88(5)
Z 1 4 2 2
Dcalc, �U��C' 1.644 1.476 1.626 1.439
<, cmC% 37.611 32.865 31.963 24.235
Refs. meas. 4160 17983 9589 13862
Indep. Refs. 1299 1654 1621 2329
Refs.used 1299 1654 1621 2329
Rint 0.0419 0.0634 0.0662 0.0317
R1 a 0.0357 0.0975 0.0535 0.0366
Rall 0.0382 0.1194 0.0575 0.0414
Rw(F2) a 0.0996 0.2930 0.1606 0.1024
Max res.,  
e>ÅC'

0.33 1.10 0.46 0.50

Min res.,  
e>ÅC'

C�&8% C�&(� C�&D( C�&8D

GOF 1.119 1.238 1.074 1.110
CCDC 1997034 2041223 2041222 1997210

a R1<VLLFoLCLFc|| / V�|Fo| and Rw<5VW�|FoLCLFc|)2 / VWFo
2)1/2.

Crystal 1•(Ani)3 1•(Diox)3 1•(TP)3 1•(Pyrr)3

Chemical 

formula

C26H37N9

O6S2

C20H40N6

O12S2

C20H28N6

O6S5

C20H31N9

O6S2

Formula 

weight

635.76 620.69 608.78 557.65

T, K 100 100 100 100

Space 

group

P21 (#4) P21/n (#14) P21/n (#14) P21/n (#14)

a, Å 7.5488(2) 7.6145(3) 7.6230(4) 7.4854(5)

b, Å 18.0321(6) 12.3230(5) 16.8745(8) 12.0766(7)

c, Å 11.5759(4) 15.6653(5) 11.8090(6) 16.8284(10)

7, degrees C C C

8, degrees 91.052(6) 101.077(2) 90.488(6) 90.093(6)

9, degrees C C C

V, Å3 1575.45(9) 1442.53(9) 1518.98(12) 1521.25(16)

Z 2 2 2 2

Dcalc, �U��C' 1.340 1.429 1.453 1.211

<, cmC% 19.913 22.825 22.576 19.906
Refs. meas. 17391 15727 16884 16695
Indep. Refs. 5566 2638 2751 2776
Refs.used 5566 2638 2751 2776

Rint 0.0447 0.0849 0.0531 0.0796

R1 a 0.0395 0.0581 0.0950 0.1099

Rall 0.0578 0.0735 0.1118 0.1770

Max res.,  

e>ÅC'

0.23 0.39 0.00 0.00

Min res.,  

e>ÅC'

C�&'8 C�&DF C�&�� C�&��

Rw(F2) a 0.0991 0.1536 0.3084 0.3472

GOF 1.036 1.009 1.083 1.901

CCDC 2041224 1997035 2041225 2041226

a R1<VLLFoLCLFc|| / V�|Fo| and Rw<5VW�|FoLCLFc|)2 / VWFo
2)1/2.

Crystal structure determination. Single crystals were obtained 

by the slow evaporation method. Temperature-dependent 

crystallographic data (Table 1) were collected using a Rigaku 

RAPID-II diffractometer equipped with a rotating anode fitted 

with a multilayer confocal optic, using Cu -X 5Y<%&D8%>G Å) 

radiation from a graphite monochromator. Structural 

refinements were performed using the full-matrix least-squares 

method on F2. Calculations were performed using Crystal 

Structure software packages.55,56 All parameters were refined 

using anisotropic temperature factors, except for those of the 

hydrogen atoms. The guest molecules of single-crystals 

(G+)2(BDS� )•(guest)3 indicated a rapid desorption at 298 K 

during the crystal mount on capillary, which decreased the 

quality of the structural analyses. The disordered Py and TP 

guest molecules in single-crystals of (G+)2(BDS� )•(Py)3 

(G+)2(BDS� )•(TP)3 were removed from the structural 

refinements after a SQUEEZE procedure. The hydrogen atoms 

of disordered molecules were removed in the structural 

refinements. Temperature-dependent powder X-ray diffraction 

(PXRD) was performed using a Rigaku SmartLab diffractometer 

with Cu -X 5Y<%&D8%>G Å) radiation.
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Results and Discussion

Formation of (G+)2(BDS� )•(Guest)x crystals. 

The high thermal stability of the guest-free (G+)2(BDS� ) crystals 

(thermal decomposition temperature: 580 K) is due to the 

electrostatic intermolecular interactions between the cationic 

G+ and the dianionic BDS� . Recrystallisation of (G+)2(BDS� ) in 

the existence of Diox, Ani, TP, Pyrr, Py, Pyz, or toluene, led to 

formation of single crystals of composition (G+)2(BDS� )•(Diox, 

Ani, TP, or Pyrr)3,  (G+)2(BDS� )•(Py-H2O)2, and (G+)2(BDS� )•(Pyz 

or H2O) as revealed by single-crystal X-ray structural analyses at 

100 K. The crystal formula of single crystals (G+)2(BDS� ):(Guest) 

were observed at 1:3, 1:2, and 1:1, according to the guest 

molecules. Instead of the formation of (G+)2(BDS� )•(Toluene)3, 

single crystals of (G+)2(BDS� )•(H2O) were obtained by the 

recrystallisation of CH3OH/toluene mixed solvent. The TG 

measurements of the host–guest crystals indicated that the loss 

of the guest molecules occurred at approximately 300 K (Fig. 

S1), suggesting that the guest-containing (G+)2(BDS� ) crystal 

lattice becomes unstable because of thermally activated 

motions.

Crystal structure of guest-free (G+)2(BDS� ).

Fig. 1 presents the crystal structure of guest-free (G+)2(BDS� ). 

One G+ cation and a half unit of BDS�  dianion are the 

crystallographically independent structural units, as the BDS�  

dianion contains an inversion centre (Fig. S2). Electrostatic 

.C*+•••CO30C hydrogen bonds tightly connect the G+ cations 

and BDS�  anions, forming a one-dimensional (1D) chain of 

[(G+)2(BDS� )]\ along the b+c axes with N•••O distances 

d.C#=2.963(3) and 2.902(3) Å (white dashed lines in Fig. 1a). 

Fig. 1. Crystal structure of guest-free (G+)2(BDS� ) at 100 K. a) Tightly bound ions 
by double electrostatic .C*+•••CO30C hydrogen bonds. b) Unit cell viewed along 
a axis. c) Hydrogen bonds on the ac plane.

This 1D chain is further stabilized by an additional 

.C*+•••CO30C hydrogen bond with d.C#=3.026(3) Å (yellow 

dashed line in Fig.  1a). Fig.  1b shows the unit cell viewed along 

the a axis. The G+ dimers and BDS�  dianions are arranged 

alternately in the bc plane and linked by electrostatic hydrogen 

bonds (Fig.  S3). Furthermore, the 1D chains of [(G+)2(BDS� )]� 

interact along both the a and c axes (Fig. 1c), forming a three-

dimensional (3D) hydrogen bonding network with 

d.C#=2.915(3) and 2.974(2) Å along the a and c axes, 

respectively. The electrostatically bound cation–dianion 

(G+)2(BDS� ) crystal lattice is dynamically responsive to guest 

adsorption by the modulation of the 3D hydrogen bonding 

network.

Crystal structures of (G+)2(BDS2 )•(H2O or Pyz).

Fig. 2 summarises the crystal structure of (G+)2(BDS� )•(H2O) at 

100 K. Two G+ cation and one BDS�  dianion are the 

crystallographically independent structural units (Fig. S4). Two 

orientations with an equal occupation factor were observed in 

phenyl-ring of BDS�  dianion (grey and blue structures in Fig. 

2a). The electrostatic .C*+•••CO30C hydrogen-bonding lattice 

of (G+)2•••BDS�  formed the 2D layer in the bc plane (Fig. 2b 

and Fig. S5), where the guest H2O molecules existed in the 

cylindrical space surrounded by the four phenyl-rings of BDS�  

and two capped G+ cations at the upper and lower space of the 

cylinder. The 2D cylinder array in the bc plane was stacked along 

the a axis, forming the bilayer structure of the 2D electrostatic 

.C*+•••CO30C hydrogen-bonding layer (Fig. 2b). Effective 

hydrogen-bonding interactions of dN-O = 2.987(7) and 2.987(8) 

Å (white dashed lines in Fig. 2c) formed the tight electrostatic 

G+•••BDS�  pairs, which were further connected by the 

additional hydrogen-bonding interactions of dN-O =  2.996(7) and 

2.932(7) Å in the bc plane (yellow dashed lines in Fig. 2c). The 

guest H2O molecule existed in the cylindrical cavity space 

without the effective hydrogen-bonding interaction.

Fig. 2. Crystal structure of (G+)2(BDS� )•(H2O) at 100 K. a) Orientational disorder 
of phenyl-ring of BDS�  dianion. b) Unit cell viewed along a axis. c) Hydrogen bonds 
on the bc plane.

Fig. 3 shows the crystal structure of (G+)2(BDS� )•(Pyz) at 100 

K. One G+ cation, a half unit of BDS�  dianion and Pyz were the 

crystallographically independent structural units, as the BDS�  

dianion contains an inversion centre (Fig. S6). The packing 

structure of (G+)2(BDS� )•(Pyz) was similar to that of 

(G+)2(BDS� )•(H2O). The 2D electrostatic .C*+•••CO30C 

hydrogen-bonding layer existed in the ab plane, and guest Pyz 

a)

b)

o

b

c

c)

c

a

o

c

b

b

a

a) b)

c)

o

o
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molecule was sandwiched by two phenyl-rings of BDS�  

dianions along the b axis (Figs. 3a and 3b). The effective 

hydrogen-bonding interactions of dN-O = 2.913(9) and 2.939(3) 

Å (white dashed lines in Fig. 3c) formed the tight electrostatic 

G+•••BDS�  pairs, which were further interacted by the 

additional hydrogen-bonding interaction of dN-O =  2.950(3) Å in 

the ab plane (yellow dashed lines in Fig.  3c). The guest Pyz 

molecule formed the alternate �-stacking column of 

•••BDS� •••Pyz•••BDS� ••• along the b axis, where the 

average �-plane of Pyz was 7.2 ° inclined to the �-plane of BDS�  

dianion (Fig. 3d and Fig. S7). Although the magnitude of VG = 60 

Å3 for Pyz was 6 times larger than that of VG = 10 Å3 for H2O, 

similar bilayer type electrostatic (G+)2•••BDS�  hydrogen-

bonding layers were observed in the bc and ab planes, 

respectively.

Fig. 3. Crystal structure of (G+)2(BDS� )•(Pyz) at 100 K. Unit cell viewed a) along the 
a axis and b) along the b axis. c) Hydrogen-bonding layer on the bc plane. d) 
Alternate �-stacking column of BDS�  and Pyz.

Crystal structure of (G+)2(BDS
2�)•(Py-H2O)2.

The crystal structure of (G+)2(BDS� )•(Py-H2O)2 at 100 K 

resembles that of (G+)2(BDS� )•(THF)2 in previous,47 and both 

are different from that of the previously discussed 1:1 

stoichiometric (G+)2(BDS� )•(H2O or Pyz) crystals. The guest 

molecules THF and Py have VG of 71 and 65 Å3, respectively. The 

crystal structure of (G+)2(BDS� )•(Py-H2O)2 resembles that of 

(G+)2(BDS� )•(THF)2 with an electrostatic hydrogen-bonded 

bilayer structure on the bc plane, whereas the pillared BDS�  

dianions are found along the a axis (Fig. 4). One G+ cation, a half 

unit of BDS�  dianion, and one Py are the crystallographically 

independent structural units, as the BDS�  dianion contains an 

inversion centre (Fig. S11). The 1D guest-capturing channels 

along the b axis, in the absence of the void space along the a 

axis, are occupied by the guest Py molecules. Additionally, 2 H2O 

molecules are sandwiched between the hydrogen-bonded 2D 

layers, forming the small pillared hydrogen-bonded assembly 

(G+)2(BDS� )•••(H2O)2•••(G+)2(BDS� ) on the bc plane (Figs S12 

and S14). The 1D hydrogen-bonded zig-zag chain of 

[(G+)(BDS� )]\ along the b axis has dN-O = 2.880(2), 2.970(2), 

2.904(2), and 2.956(2) Å, and these chains are connected along 

the c axis by additional H2O molecules through two .C*+;;;#C 

interactions (dN-O= 2.885(2) and 2.931(2) Å) and one 

C0#3
C;;;*C# interaction (dO-O=2.843(2) Å). The bilayer 

structure is constructed by electrostatic hydrogen bonds 

through the H2O molecules. A structural reconstruction to the 

1D hydrogen-bonded zig-zag chain containing additional H2O 

molecules occurs upon adsorption of Py and H2O molecules in 

the (G+)(BDS� ) host lattice (Fig. S13).

Fig. 4. Crystal structure of (G+)2(BDS� )•(Py-H2O)2 at 100 K. Unit cells viewed a) 
along the b axis (CPK representation) and b) along the c axis. The guest molecules 
are omitted for clarity. c) The 2D hydrogen-bonded bilayer structure on the bc 
plane. Red and grey denote molecules in the upper and lower layers, respectively.

Crystal structure of (G+)2(BDS2 )•(Diox, Ani, TP, or Pyrr)3.

Single-crystals of 1:3 stoichiometric (G+)2(BDS� )•(Benz)3, 

(G+)2(BDS� )•(Diox)3, (G+)2(BDS� )•(Ani)3, (G+)2(BDS� )•(TP)3, 

and (G+)2(BDS� )•(Pyrr)3 are isostructural at 100 K. In these 

crystals, the guest molecule VG increased in the order of Pyrr (56 

Å3), TP (61 Å3), Benz (71 Å3), Diox (78 Å3), to Ani (80 Å3). One G+ 

cation, a half unit of BDS� , and one and half units of Benz (Fig.  

S15), Diox  (Figs S16-S19), TP  (Figs S20-S22), and Pyrr  (Figs S23-

S25) are the crystallographically independent structural units. 

Interestingly, non-centrosymmetrical space group of P21 was 

observed in single crystals of (G+)2(BDS� )•(Ani), where the 

crystal symmetrical was converted from a centric P-1 in the host  

(G+)2(BDS� ) framework to acentric P21 after Ani adsorption (Fig. 

S26). The molecular structures of guest molecules for Diox and 

Ani could be determined in the single-crystal X-ray structural 

analyses at 100 K, whereas the small guest molecules of Pyrr 

and TP were difficult to determine the molecular structures and 
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orientation. In Figs 5a and 5b, the unit cells are displayed along 

the a and b axes (Fig. S16), respectively, and the void spaces are 

visible in the CPK representation (the guest molecules are 

omitted for clarity). Large void spaces for the adsorption of 

guest Diox molecules exist in the bc and ac planes. In the ab 

plane (Fig.  5c), a network of .C*+•••–O30C hydrogen bonds 

tightly connected G+ and BDS�  with six different dN-O distances 

(2.902(7), 2.888(7), 2.862(7), 2.947(7), 2.985(7), and 2.873(7) 

Å). Between the nearly planar 2D hydrogen bonding layers, 

which extend on the ab plane, the BDS�  dianions form a 

pillared pore structure. Upon guest adsorption, guest-free 

(G+)2(BDS� ) undergoes a structural reconstruction to the 

host�guest pillared supramolecular structure. The guest Diox 

molecules occupy the pores, forming a herringbone 

arrangement along the a axis, whereas the 1D Diox array 

elongates along the b axis (Fig. 5d). On the ab plane there are 

2D crystalline spaces between the pillars, and herringbone and 

�-stacking interactions exist along the a and b axes, 

respectively.

Fig. 5. Crystal structure of (G+)2(BDS� )•(Diox)3 at 100 K. Unit cells viewed a) along 
the a axis and b) along the b axis. CPK representation was used, and the guest Diox 
molecules are omitted for clarity. c) The 2D electrostatic hydrogen-bonded layer 
on the ab plane viewed along the c axis. d) Packing structure of the Diox guest 
molecules on the ab plane.

Adsorption–desorption isotherms.

The (G+)2(BDS� ) host lattice is tightly connected by electrostatic 

hydrogen bonds, and does not contain void spaces. Guest 

adsorption in the host lattice led to a structural reconstruction, 

generating a large volume of void space. Figs. 6a and 6b show 

the adsorption–desorption isotherms of guest-free (G+)2(BDS� ) 

crystals for THF and Diox at 288 and 298 K, respectively. The THF 

adsorption–desorption isotherm of the crystalline (G+)2(BDS� ) 

powder indicated reversible gate-opened adsorption–

desorption behaviour. The maximum adsorption amount (nmax) 

of THF molecules per (G+)2(BDS� ) of nmax=3.5 with P/P0=1.0 is 

inconsistent with the results of single-crystal X-ray structural 

analysis at 100 K. When the relative pressure of P/P0 was 

increased to P/P0=0.6, a sudden increase in the nad was 

observed, and saturation was reached at nmax=3.5 with 

P/P0=1.0. Regarding the desorption process, the crystalline 

(G+)2(BDS� )•(THF)3.5 powder was stable as the relative pressure 

was reduced until P/P0=0.3. The bilayer-type hydrogen-bonded 

network exists in the crystal structure of (G+)2(BDS� )•(THF)2,47 

and the intra-layer features electrostatic interactions. 

Additional 1.5 THF molecules were inserted into the intra-layer 

space of (G+)2(BDS� )•(THF)2 to form the (G+)2(BDS� )•(THF)3.5 

crystals.

Almost the same gate-opened adsorption–desorption 

isotherm was observed with Diox, and single-crystal X-ray 

analysis indicated the formula (G+)2(BDS� )•(Diox)3. In the 

adsorption cycle, a sudden nad enhancement was also observed 

at P/P0=0.6, and the reached nad=3.0 corresponds to an ideal 

crystal formula of (G+)2(BDS� )•(Diox)3. In the desorption cycle, 

the host–guest crystal formula of (G+)2(BDS� )•(Diox)3 was 

stable until P/P0=0.1, and a sudden desorption to nad=0 

occurred upon further decrease in the relative pressure. The 

hydrogen-bonded simple brick structure of (G+)2(BDS� )•(Diox)3 

did not have additional adsorption pores for Diox. Therefore, 

the host (G+)2(BDS� ) crystal lattice was consistent with a 

maximum nad=3.0 for Diox adsorption.

Fig. 6. The adsorption–desorption isotherms of the host (G+)2(BDS� ) crystals for 
a) THF at 288 K and b) Diox at 289 K. Adsorption and desorption are abbreviated 
ad and de, respectively.

Figs. 7a and 7b present the changes in the PXRD patterns of 

the crystals (G+)2(BDS� )•(THF)3 and (G+)2(BDS� )•(Diox)2 during 

the guest adsorption–desorption cycles. According to the TG 

analyses of (G+)2(BDS �)•(Guest)x crystals, guest desorption 

begins at 300 K. The PXRD pattern of host–guest crystals of 

(G+)2(BDS� )•(THF)3 at 298 K differs slightly from the simulated 

one because of the THF desorption process (Fig. 7a, i and ii). In 

contrast, the PXRD pattern of the (G+)2(BDS� )•(Diox)2 crystals 

at 298 K was consistent with the simulated one (Fig. 7b, i and ii), 

suggesting that the crystal containing Diox molecules is more 

stable than the one containing THF molecules in the pore 

spaces. The guest molecules were completely removed by 

thermal treatment of the host–guest crystals 

(G+)2(BDS� )•(Guest)x at 473 K, forming guest-free (G+)2(BDS� ) 

crystals. The PXRD patterns of the latter were consistent with 

the simulated one (Figs. 7a and 7b, iii and iv). High crystallinity 

was observed in the PXRD patterns of guest-free (G+)2(BDS� ) 

crystals after the thermal treatment. Therefore, the guest 

adsorption–desorption cycles were the outer triggers of the 

dynamic structural reconstruction between 

(G+)2(BDS� )•(Guest)x and (G+)2(BDS� ). The tightly bound 

electrostatic crystal lattice of (G+)2(BDS� ) is useful for dynamic 

structural reconstruction, while maintaining high crystallinity. In 

addition, the changes of temperature and time dependent 
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on electrostatic interactions are interesting materials with high 

thermal and chemical stability that are responsive to outer 

stimuli.
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