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Porous frameworks constructed by non-covalent
linking of substitution-inert metal complexes†

Takahiro Itoh,a,b Mio Kondo,*a,b,c,d Hirotoshi Sakamoto,e Kaori Wakabayashi,a

Mari Kanaike,a Kenichiro Itamie,f,g and Shigeyuki Masaoka*a,b,d

The incorporation of active sites into metal–organic frameworks (MOFs) or porous coordination polymers

(PCPs) is an attractive way to functionalise these materials. However, the methodology to organise substi-

tution-inert metal-based secondary building units (SBUs) with active sites into MOFs or PCPs via coordi-

nation driven self-assembly is severely limited. In this study, we successfully assembled substitution-inert

paddle-wheel Rh(II) dimers to afford three novel porous frameworks, Rh2(ppeb)4(THF)2 (1-THF),

Rh2(ppeb)4(3-pentanone)2 (1-PN) and Rh2(ppeb)4(1-adamantylamine)2 (1-AD) (ppeb = 4-[(perfluoro-

phenyl)ethynyl]benzoate), by using non-covalent interactions. Multipoint arene–perfluoroarene (Ar–ArF)

interactions, which allow the unidirectional face-to-face interaction mode of aromatic rings, were used to

assemble the substitution-inert paddle-wheel Rh(II) dimers. The obtained frameworks were structurally

characterisation by single crystal X-ray diffraction, and it is found that all structures exhibited a one-

dimensional channel with active axial sites exposed to the pores. The porous properties of the obtained

frameworks were also investigated by thermogravimetric analysis, gas adsorption and powder X-ray diffr-

action measurements. Moreover, the ligand substitution reaction at the active axial sites was examined at

the crystalline state and the flexible structural transformation with the change of channel shapes and sizes

was observed.

Introduction

Metal–organic frameworks (MOFs) or porous coordination
polymers (PCPs)1,2 are crystalline materials composed of in-
organic building units and organic linkers and have attracted
considerable attention as new types of porous materials. In
particular, MOFs or PCPs with open metal sites are of interest
because these sites can strongly interact with adsorbed mole-

cules to afford specific functionalisation of the pore surfaces
for adsorption/separation,3 heterogeneous catalysis,4 and
sensing.5 One of the most straightforward strategies to con-
struct such materials is to embed open metal sites on second-
ary building units (SBUs) of the framework.6 The Rh(II) paddle-
wheel complex, which is composed of four substitution-inert
carboxylate ligands and two substitution-labile axial ligands,
would be an attractive SBU with D4h symmetry because the
porous frameworks constructed are expected to show high
stability arising from the substitution-inert carboxylate ligands
and the high reactivity of the substitution-labile axial sites
known as active centres for many catalytic reactions.7 However, it
is hard to construct MOFs or PCPs by linking substitution-inert
metal-based SBUs via covalent linkers (Scheme 1a) because the
covalent linking of these SBUs often prevents the formation of
single crystalline materials.8 Although there are many reports on
single crystal structures of MOFs and PCPs consisting of substi-
tution-labile SBUs with active sites (e.g., HKUST-1,6a MOF-74,6b

and so on9), to the best of our knowledge, no single crystal struc-
tures of MOFs or PCPs constructed by substitution-inert SBUs
with those sites have been reported so far.

Here, we show an effective approach to construct a porous
framework based on substitution-inert SBUs with active sites.
Recently, many reports have proven that non-covalent inter-
actions (e.g., hydrogen bonds,10 π–π interactions,11 combi-
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nation of hydrogen bonds and π–π interactions,12 and van der
Waals interactions13) can be promising tools for the construc-
tion of porous materials. In comparison with covalent linking,
these interactions can work under ambient conditions to
afford a comparable well-defined framework. A key to our
success is the usage of this “non-covalent” interaction
(Scheme 1b) for the self-assembly of Rh(II) paddle-wheel
dimers (Scheme 2a). As a module for non-covalent linking, a
monocarboxylate ligand with multipoint arene–perfluoro-
arene14 (Ar–ArF) interaction sites was designed (Scheme 2b). As
we have previously reported this interaction enables the uni-
directional face-to-face interaction mode of aromatic rings to
work dominantly, and the controlled self-assembly of mole-
cules can be achieved.15

Experimental
General methods

All solvents and reagents were of the highest quality available
and used as received except for diethylamine and triethyl-
amine. Diethylamine and triethylamine were dried by refluxing

over KOH, distilled under argon, and degassed with a freeze-
and-pump thaw. 4-[(Perfluorophenyl)ethynyl]benzoic acid
(Hppeb) and Na4[Rh2(CO3)4] were prepared by using the litera-
ture methods.15,16 All syntheses were performed under an
atmosphere of dry nitrogen or dry argon unless otherwise indi-
cated. Elemental analysis was carried out on a J-SCIENCE LAB
MICRO CORDER JM10 elemental analyser. The 1H NMR spec-
trum was acquired on a JEOL JNM-LA500 spectrometer, where
chemical shifts in DMF-d7 were referenced to internal tetra-
methylsilane. The 19F NMR spectrum was acquired on a JEOL
JNM-LA500 spectrometer, where chemical shifts in DMF-d7
were referenced to external trifluorotoluene. Thermo-
gravimetric analyses (TGA) were carried out with a SHIMADZU
DTG-60 under a nitrogen atmosphere. TGA profiles of 1-THF,
1-PN and 1-AD were measured at a heating rate of 20 K min−1.
Fourier transformed infrared spectra were recorded on a
Perkin-Elmer Spectrum 100 FT-IR spectrometer equipped with
an ATR (Attenuated Total Reflectance) accessory.

Synthetic procedures

Synthesis of Rh2(ppeb)4(Et2O)2. Na4[Rh2(CO3)4]·3H2O
(59 mg, 0.10 mmol) and Hppeb (250 mg, 0.80 mmol) in 40 ml
of dimethylacetamide/H2O mixed solvents were stirred for 8 h
at 100 °C. After evaporation of the solvent, the residue was
washed with water and dissolved in Et2O and subsequently
purified by column chromatography using neutral alumina
(Et2O as eluent). The yield of [Rh2(ppeb)4] was 44 mg (27%
based on Na4[Rh2(CO3)4]·3H2O).

1H NMR (500 MHz, DMF-d7)
δ ppm: 7.64 (d, J = 10.0 Hz, 2H), 7.98 (d, J = 10.0, 2H); 19F NMR
(470.4 MHz, DMF-d7) δ ppm: −164.3 (dt, J = 4.7, 18.8 Hz, 2F),
−154.5 (t, J = 18.8 Hz, 1F), −138.9 (dd, J = 4.7, 18.8 Hz, 2F);
Anal. Calcd for Rh2(O2CC6H4C2C6F5)4(Et2O)2·2H2O: C, 49.96;
H, 2.60; N, 0.00%. Found: C, 49.79; H, 2.60; N, 0.13%.

Syntheses of 1-THF, 1-PN, and 1-AD. The three kinds of
axial ligand substituted complexes were synthesised by the
recrystallization of Rh2(ppeb)4(Et2O)2. Rh2(ppeb)4(THF)2
(1-THF) and Rh2(ppeb)4(3-pentanone)2 (1-PN) were obtained
by the slow evaporation of the mixed solution of Et2O/THF and
Et2O/3-pentanone containing Rh2(ppeb)4(Et2O)2, respectively.
For Rh2(ppeb)4(1-adamantylamine)2 (1-AD), the recrystallisa-
tion was performed by layering the Et2O solution of
1-adamantylamine on the Et2O solution of Rh2(ppeb)4(Et2O)2.
FTIR-ATR (cm−1): 441w, 466s, 522s, 583w, 646m, 699m, 761s,
774s, 850m, 861m, 884m, 965s, 988s, 1018w, 1042m, 1113m,
1141w, 1176w, 1286w, 1389s, 1496s, 1523m, 1549w, 1597m
(COO−), 2227w (CuC), 2876w, 2978w (1-THF). FTIR-ATR
(cm−1): 411m, 465s, 522s, 582w, 645m, 699m, 725w, 761s,
774s, 813w, 849m, 859m, 964s, 989s, 1020m, 1113m, 1143w,
1178m, 1250w, 1288m, 1305m, 1391s, 1483m, 1496s, 1523m,
1548m, 1596m (COO−), 1677m, 1718w, 2227w (CuC), 2980w
(1-PN). FTIR-ATR (cm−1): 403w, 428w, 463s, 520s, 644w, 698m,
717w, 762s, 773s, 849m, 860m, 924m, 965s, 988s, 1017m,
1061w, 1094w, 1115m, 1141w, 1178w, 1290w, 1311w, 1385s,
1450w, 1496s, 1523m, 1547w, 1600m (COO−), 2228w (CuC),
2847w, 2904w, 3275w (NH2), 3333w (NH2) (1-AD).

Scheme 1 Schematic illustration of the self-assembly of substitution-
inert SBUs via (a) covalent linking and (b) non-covalent linking.

Scheme 2 Schematic illustration of (a) substitution inert SBU and (b)
non-covalent interaction employed in this study.
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X-ray crystallography

Crystals of 1-THF, 1-PN and 1-AD were mounted in a loop.
Diffraction data at 123 K were measured on a RAXIS-RAPID
Imaging Plate diffractometer equipped with confocal mono-
chromated Mo-Kα radiation and data were processed using
RAPID-AUTO (Rigaku). Structures were solved by direct
methods and refined by full-matrix least squares techniques
on F2 (SHELXL-97).17 All of the non-hydrogen atoms were
anisotropically refined, while all of the hydrogen atoms (except
for amine hydrogen atoms of 1-adamantylamine in 1-AD,
which were found on a difference Fourier map and refined iso-
tropically) were placed geometrically and refined with a riding
model with Uiso constrained to be 1.2 times the Ueq of the
carrier atom. For 1-THF, the diffused electron densities result-
ing from residual solvent molecules were removed from the
data set using the SQUEEZE routine of PLATON and refined
further using the data generated. CCDC reference numbers
1049445–1049447 (1-THF, 1-PN and 1-AD) (Table 1).

Crystal data for Rh2(ppeb)4(THF)2 (1-THF).
C68H32F20O10Rh2, Mr = 1594.76, monoclinic, space group
C2/m, (#12), a = 18.6449(7), b = 27.2267(14), c = 8.8932(4) Å, β =
107.4822(12)°, V = 4306.0(3) Å3, Z = 2, T = 123(2) K, ρc = 1.230 g
cm−3, μ(Mo-Kα) = 0.471 cm−1, 2θmax = 50.0°, λ(Mo-Kα) =
0.710747 Å, 16 842 reflections measured, 3892 unique (Rint =
0.0312), 3549 (I > 2σ(I)) were used to refine 238 parameters,
6 restraints, wR2 = 0.1742 (I > 2σ(I)), R1 = 0.0660 (I > 2σ(I)), GOF
= 1.135.

Crystal data for Rh2(ppeb)4(3-pentanone)2 (1-PN).
C170H132F40O26Rh4, Mr = 3762.40, triclinic, space group
P1̄, (#2), a = 15.1526(7), b = 15.3844(4), c = 19.5087(4) Å, α =
99.0550(7)°, β = 96.0045(7)°, γ = 112.8590(7)°, V = 4069.14(17)
Å3, Z = 1, T = 123 (2) K, ρc = 1.535 g cm−3, μ(Mo-Kα) =
0.514 cm−1, 2θmax = 54.96°, λ(Mo-Kα) = 0.710747 Å, 40 282
reflections measured, 18 528 unique (Rint = 0.0223), 13 311 (I >

2σ(I)) were used to refine 1081 parameters, 0 restraints, wR2 =
0.1875 (I > 2σ(I)), R1 = 0.0554 (I > 2σ(I)), GOF = 1.111.

Crystal data for Rh2(ppeb)4(1-adamantylamine)2 (1-AD).
C92H70F20N2O8Rh2, Mr = 1965.32, triclinic, space group
P1̄, (#2), a = 10.8625(8), b = 13.8827(10), c = 14.9217(11) Å, α =
103.6458(15)°, β = 93.1519(15)°, γ = 94.0312(16)°, V = 2175.3(3)
Å3, Z = 1, T = 123 (2) K, ρc = 1.500 g cm−3, μ(Mo-Kα) =
0.483 cm−1, 2θmax = 54.94°, λ(Mo-Kα) = 0.710747 Å, 21 333
reflections measured, 9889 unique (Rint = 0.031), 8336 (I >
2σ(I)) were used to refine 602 parameters, 6 restraints, wR2 =
0.1511 (I > 2σ(I)), R1 = 0.0511 (I > 2σ(I)), GOF = 1.089.

Results and discussion
Synthesis and characterization

Synthesis of the Rh(II) complex was performed by the
reaction of Na4[Rh2(CO3)4]·3H2O with 8 eq. of Hppeb at 100 °C
in DMA/H2O (3 : 1) for 8 h. A four substituted complex,
Rh2(ppeb)4(Et2O)2, was obtained in 27% yield by subsequent
column chromatography using neutral alumina (Et2O as the
eluent). Note that the use of Na4[Rh2(CO3)4]·3H2O was crucial,
and the reaction of Hppeb with carboxylate precursors, Rh(II)
acetate or Rh(II) trifluoroacetate, did not afford the desired
complex possibly due to the slow reaction rate of the di-substi-
tuted carboxylate complex.15 The slow evaporation of the THF/
Et2O mixed solution of Rh2(ppeb)4(Et2O)2 afforded single crys-
tals of Rh2(ppeb)4(THF)2 (1-THF) suitable for X-ray crystallo-
graphy. 1-PN and 1-AD were also obtained by recrystallization
of Rh2(ppeb)4(Et2O)2. The recrystallisation of Rh2(ppeb)4-(Et2O)2
from slow evaporation of the mixed solution of Et2O/3-
pentanone afforded Rh2(ppeb)4(3-pentanone)2 (1-PN). To
obtain Rh2(ppeb)4(1-adamantylamine)2 (1-AD), recrystallisa-
tion was performed by layering Et2O solution of 1-adamantyl-

Table 1 Crystallographic data and structural refinements for 1-THF, 1-PN and 1-AD

Compound 1-THF 1-PN 1-AD

Formula C68H32F20O10Rh2 C170H132F40O26Rh4 C92H70F20N2O11Rh2
Formula weight 1594.76 3762.40 1965.32
Temperature (°C) −150 −150 −150
Crystal system Monoclinic Triclinic Triclinic
Space group C2/m (#12) P1̄ (#2) P1̄ (#2)
a (Å) 18.6449(7) 15.1526(7) 10.8625(8)
b (Å) 27.2267(14) 15.3844(4) 13.8827(10)
c (Å) 8.8932(4) 19.5087(4) 14.9217(11)
α (°) 90 99.0550(7) 103.6458(15)
β (°) 107.4822(12) 96.0045(7) 93.1519(15)
γ (°) 90 112.8590(7) 94.0312(16)
V (Å3) 4306.0(3) 4069.14(17) 2175.3(3)
Z 2 1 1
Dc (g cm−3) 1.230 1.535 1.500
μ (mm−1) 0.471 0.514 0.483
F(000) 1580 1900 994
R1

a 0.0660 0.0554 0.0511
wR2

b 0.1742 0.1875 0.1511
Goodness-of-fit on F2 1.135 1.111 1.089

a R1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑(w(Fo

2 − Fc
2)2)/∑w(Fo

2)2]1/2.
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amine on Et2O solution of Rh2(ppeb)4(Et2O)2. These three
compounds were characterised by single-crystal X-ray diffrac-
tion and IR spectroscopy.

Crystal structures

The crystal structure of 1-THF is comprised of a Rh(II) paddle-
wheel with THF molecules coordinated at the axial sites
(Fig. 1a). Four ppeb− ligands occupied the positions in the
equatorial plane of each rhodium atom. The Rh1–Rh1′ dis-
tance was 2.3875(13) Å, which is in the range found for pre-
viously reported Rh(II) paddle-wheel dimers (2.316 to
2.486 Å).18 The angle between the phenylene and perfluoro-
phenyl rings was estimated to be 18.4°.

In the crystal packing structure of 1-THF, the aforemen-
tioned multipoint Ar–ArF interaction played a key role in stabi-

lising the molecular assembly. As shown in Fig. 1b, an infinite
two-dimensional (2-D) square-grid sheet structure was formed
via multipoint Ar–ArF interactions between the ligands. The
mean interplanar separation between the phenylene and per-
fluorophenyl rings was 3.56(16) Å. These 2-D sheets were
stacked through π–π interactions (denoted as blue line in
Fig. 1b) to form a columnar structure of paddle-wheel units
along the c axis. As a result, a porous structure with the
channel entrance size19 of 13.8 × 12.1 Å2 was formed (Fig. 1c),
and THF molecules were contained in the pores as guests. The
recrystallisation of Rh2(ppeb)4(Et2O)2 from Et2O/3-pentanone
afforded a similar crystal structure composed of a Rh(II)
paddle-wheel complex bearing 3-pentanone at the axial sites,
Rh2(ppeb)4(3-pentanone)2 (1-PN) (Fig. 2a). In the crystal struc-

Fig. 1 (a) An ORTEP drawing of 1-THF (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. (b) 2-D sheet structure of 1-THF.
Ar–ArF interactions and π–π interactions are shown in red and blue lines
respectively. Hydrogen atoms and carbon atoms of THF at the axial posi-
tions are omitted for clarity. (c) Crystal packing of 1-THF along the c axis.
Hydrogen atoms, and carbon atoms of THF at the axial positions are
omitted for clarity. O = red, C = grey, F = pale green, Rh = sea green.

Fig. 2 (a) An ORTEP drawing of 1-PN (50% probability ellipsoids).
Hydrogen atoms and crystal solvent molecules are omitted for clarity.
(b) 2-D sheet structure of 1-PN. Ar–ArF interactions and π–π interactions
are shown in red and blue lines respectively. Hydrogen atoms, carbon
atoms of 3-pentanone at the axial positions and crystal solvent mole-
cules observed in the channels are omitted for clarity. (c) Crystal packing
of 1-PN along the c axis. Hydrogen atoms, and carbon atoms of 3-pen-
tanone at the axial positions and crystal solvent molecules observed in
the channels are omitted for clarity. O = red, C = grey, F = pale green,
Rh = sea green.
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ture of 1-PN, the mean interplanar separation between phenyl-
ene and perfluorophenyl rings was 3.49(12) Å, and the channel
entrance size was estimated to be 12.9 × 10.5 Å2. It should be
noted that the active sites of these complexes were exposed to
the pores in both structures.

The reaction of Rh2(ppeb)4(Et2O)2 with 1-adamantylamine
was subsequently performed to examine the adjustability of
the framework to bulky molecules, and the targeted axial
ligand substituted complex, Rh2(ppeb)4(1-adamantylamine)2
(1-AD, Fig. 3a), was obtained. The distance between two
rhodium atoms in 1-AD was 2.4140(7) Å, which is comparable
to that of 1-THF or 1-PN. For 1-AD, the angles between the
phenylene and perfluorophenyl rings were 16.3° and 5.9°. In
the crystal structure of 1-AD, a 2-D sheet structure stabilised by
multipoint Ar–ArF interactions was also obtained (Fig. 3b).
However, π–π interactions between the 2-D sheets were not
observed because the bulkiness of the axial ligands prevented
a close contact between sheets. Alternatively, the ppeb−

ligands exhibited a conformation almost perpendicular to the
2-D sheets, and CF–π interactions20 between the ppeb− ligands
formed inter-sheet stacking. As a result, a 1-D channel struc-
ture with an entrance size of 10.1 × 8.2 Å2 was obtained
(Fig. 3c). The mean interplanar separation between the phenyl-
ene and perfluorophenyl rings was 3.50(16) Å. The axial
ligands were also exposed to the pores despite the different
stacking mode from 1-THF and 1-PN. The comparison
between the assembling-patterns between these structures is
shown in Fig. 4. The horizontal distances between the Rh
dimeric nodes in neighbouring 2-D sheets (denoted as d1 and
d2) were found to be d1 = d2 = 4.96 Å for 1-THF, d1 = 6.08 Å,
d2 = 5.82 Å for 1-PN and d1 = 10.70 Å, d2 = 6.11 Å for 1-AD and
were mainly different between the three structures, reflecting
the bulkiness of the axial ligands. These crystallographic
observations indicate that the 2-D sheet structures in these
porous frameworks are well defined by the multipoint Ar–ArF

interactions and that the interlayer stacking structures are con-
trollable in response to the size and shape of the axial ligands.

Fig. 4 Side view of the crystal packing (left) and the schematic illus-
tration of the top view of the interlayer stacking structure (right) for
1-THF (top), 1-PN (middle) and 1-AD (bottom). In the schematic
illustration, the axial ligands are represented as orange circles.

Fig. 3 (a) An ORTEP drawing of 1-AD (50% probability ellipsoids).
Hydrogen atoms and crystal solvent molecules are omitted for clarity.
(b) 2-D sheet structure of 1-AD. Ar–ArF interactions are shown in red
lines. Hydrogen atoms, and carbon atoms of 1-adamantylamine at the
axial positions and crystal solvent molecules observed in the channels
are omitted for clarity. (c) Crystal packing of 1-AD along the a axis.
Hydrogen atoms, and carbon atoms of 1-adamantylamine at the axial
positions and crystal solvent molecules observed in the channels are
omitted for clarity. O = red, C = grey, F = pale green, N = blue, Rh = sea
green.

Paper Dalton Transactions

15338 | Dalton Trans., 2015, 44, 15334–15342 This journal is © The Royal Society of Chemistry 2015

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

6/
10

/2
02

5 
12

:2
6:

38
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5dt01620g


The effect of the axial ligands on the porous properties

The effect of the axial ligands on the porous properties of the
frameworks was also investigated by several measurements. A
TG curve of 1-AD exhibited no weight loss upon heating up to
284 °C (Fig. 5c), which indicated the strong coordination
ability of the axial ligands to the metal centres. Upon further
heating up to 600 °C, the degradation of the complex was
observed. It should be noted that the removal of the guest
molecules (Et2O) was not observed due to their highly volatile
nature. The removal of the axial ligand was also not observed
due to their strong coordination ability. Furthermore, the CO2

adsorption isotherms for 1-AD evacuated at 40 °C (Fig. 5f) and
120 °C (Fig. S1c in the ESI†) exhibited almost identical sorp-
tion profiles, suggesting the retention of the porous structure
due to the “capping” of the active sites with the strongly co-
ordinated axial ligands. In contrast, the TG curves of 1-THF
and 1-PN indicated the release of the axial ligands in the temp-
erature range of 100–170 °C with a weight loss of 5.30%
(1-THF) and 5.82% (1-PN), respectively (Fig. 5a and b). The
degradation of the complexes was observed in the temperature
range of 327–600 °C. In the CO2 adsorption isotherms of
1-THF and 1-PN evacuated at 40 °C and 120 °C, the amount of

adsorbed CO2 gradually increased as the pressure increased
and showed hysteresis during the desorption process (Fig. 5d
and e and Fig. S1a and b in the ESI†) and the adsorption
amount is dependent on the temperature of pre-treatment,
which may be attributed to the transformation of the interlayer
stacking structure arising from the exchange or the loss of the
axial ligands. These results clearly indicate the difference in
the lability of the axial ligands between 1-AD and other two
structures, 1-THF and 1-PN. Additionally, N2 adsorption
measurements at 77 and 195 K were performed and almost no
adsorption of N2 was observed for 1-THF and 1-PN (Fig. S2a
and b, and Fig. S3a and b in the ESI†), suggesting the selective
CO2 adsorption over N2 in these frameworks. In contrast to
1-THF and 1-PN, N2 was slightly adsorbed to 1-AD at 77 K
(Fig. S2c in the ESI†), although no adsorption of N2 was
observed at 195 K (Fig. S3c in the ESI†).

PXRD measurements of the samples after the removal of
the guest molecules and the dissociation of the axial ligands
were performed to investigate the structural change in these
processes. The experiments were performed for 1-AD and
1-PN, which have the unremovable axial ligands and the remo-
vable ligands, respectively. Note that the PXRD patterns for the
as-synthesized compounds were measured under the vapour of
the guest molecules to prevent the loss of the guest molecules.
In the case of 1-AD, the PXRD pattern changed after the eva-
cuation at 40 °C (from A to B in Fig. S4 in the ESI†), suggesting
the structural change attributed to the removal of the guest
molecules. Subsequent evacuation of the sample at 120 °C
gave the almost identical PXRD pattern (Fig. S4C in the ESI†),
which indicates the strong coordination of axial ligands. These
results are fully consistent with the result of TGA and CO2

adsorption measurements. In the case of 1-PN, the PXRD
pattern changed after evacuation at 40 °C (from D to E in
Fig. S5 in the ESI†) and the structural transformation
accompanied by the removal of the guest molecules was
observed. In contrast to 1-AD, the subsequent evacuation at
120 °C caused the significant change of the PXRD pattern
(from E to F in Fig. S5 in the ESI†) and the structural trans-
formation due to the dissociation of the axial ligands was indi-
cated. At this stage, we could not determine the structure after
the removal of the guest molecules or the axial ligands, and
thus, the detailed discussion on the CO2 adsorption profiles
was not allowed. However, the results of CO2 adsorption and
PXRD measurements revealed that the crystallinity and poro-
sity of the sample were maintained throughout the removal
of the guest molecules and the dissociation of the axial
ligands, and the framework structures transformed flexibly
accompanied by these processes.

Additionally, the PXRD patterns before and after the CO2

adsorption were also examined. As shown in Fig. S6–9, in
the ESI,† the samples of 1-PN and 1-AD did not show sig-
nificant change in the PXRD pattern after the CO2 adsorp-
tion measurements regardless of the pre-treatment
temperature. These results indicate that our frameworks
recover their initial structures after the CO2 adsorption/deso-
rption processes.

Fig. 5 TGA profiles of (a) 1-THF, (b) 1-PN and (c) 1-AD with a heating
rate of 20 K min−1. CO2 sorption isotherms of (d) 1-THF, (e) 1-PN and (f )
1-AD at 195 K. Filled shapes: adsorption. Open shapes: desorption. The
samples of 1-THF, 1-PN and 1-AD for the CO2 adsorption were evacu-
ated at 40 °C before the measurements.
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Flexible structural transformation during the ligand exchange
reaction of the frameworks

The structural flexibility of 1-THF and 1-PN and the reactivity
of the open axial sites in these frameworks were examined by
PXRD measurements. Initially, a crystalline sample of 1-THF
was evacuated at room temperature for 1 h and exposed to
3-pentanone vapour for 1 h. PXRD patterns before and after
the treatment suggested the complete structural transform-
ation from 1-THF to 1-PN (Fig. 6c and d, blue and red lines).
Subsequently, the obtained powder sample of 1-PN was evacu-
ated at room temperature for 1 h and exposed to THF vapour
for 1 h. The PXRD pattern of the sample treated with THF
revealed the regeneration of 1-THF (Fig. 6e). These results indi-
cate that the active sites of the SBUs in our framework effec-
tively worked to control the structural flexibility of each phase.

Conclusions

In conclusion, we demonstrated the construction and struc-
tural determination of porous frameworks composed of a sub-
stitution-inert complex with active sites. Three novel Rh(II)
paddle-wheel complexes, Rh2(ppeb)4(X)2 (X = THF (1-THF),
3-pentanone (1-PN), and 1-adamantylamine (1-AD)), were suc-
cessfully assembled to form porous frameworks with a solvent
accessible columnar channel by utilizing the multipoint
Ar–ArF interaction. The obtained supramolecular structures
possessed active sites exposed to the channel, and the com-
parison of crystal packing of the three complexes revealed the
structural difference induced by the size and the structure of
the axial ligands. Furthermore, the porous properties of these

frameworks were also examined by several experiments.
Although the axial ligands of 1-AD did not dissociate upon
heating and during the sorption process, the axial ligands of
1-THF and 1-PN were labile to the axial ligand substitution
reaction, and the induced-fit structural transformation in
response to the ligand substitution was observed in the crystal-
line state. We believe that our results presented here should be
a key example to construct porous materials based on substi-
tution-inert metal ions with active sites that can be applied for
catalytic reactions and chemical sensors.
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