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Microwave heating (MW)-assisted synthesis has been widely applied as an alternative method for the

chemical synthesis of organic and inorganic materials. In this work, we report MW-assisted synthesis of

three isostructural 3D frameworks with a flexible linker arm of the chelating linker 2-substituted imidazo-

late-4-amide-5-imidate, named IFP-7-MW (M = Zn, R = OMe), IFP-8-MW (M = Co; R = OMe) and

IFP-10-MW (M = Co; R = OEt) (IFP = Imidazolate Framework Potsdam). These chelating ligands were gen-

erated in situ by partial hydrolysis of 2-substituted 4,5-dicyanoimidazoles under MW- and also conven-

tional electrical heating (CE)-assisted conditions in DMF. The structure of these materials was determined

by IR spectroscopy and powder X-ray diffraction (PXRD) and the identity of the materials synthesized

under CE-conditions was established. Materials obtained from MW-heating show many fold enhance-

ment of CO2 and H2 uptake capacities, compared to the analogous CE-heating method based materials.

To understand the inner pore-sizes of IFP structures and variations of gas sorptions, we performed posi-

tron annihilation lifetime spectroscopy (PALS), which shows that MW-assisted materials have smaller pore

sizes than materials synthesized under CE-conditions. The “kinetically controlled” MW-synthesized

material has an inherent ability to trap extra linkers, thereby reducing the pore sizes of CE-materials to

ultra/micropores. These ultramicropores are responsible for high gas sorption.

1. Introduction

Metal–organic frameworks (MOFs) have been the subject of
serious attention during the past two decades due to their
structure orientated applications, such as gas storage and sep-
aration, luminescence, catalysis, sensing, and drug release.1,2

MOFs have been synthesized by conventional electrical (CE)-
heating methods (solvo- or hydrothermal), mechano3- and
electrochemical methods,4 aerosol methods,5 and ultrasonic6

and microwave heating (MW)-assisted synthesis.7 To improve
gas capture with MOFs, various strategies have been developed
such as pore-surface functionalization with amines,8 making
the network flexible,9–11 using unsaturated metal sites12 and

rotatable pillared-layer based frameworks,13 and exposing
Lewis base sites14 as well as recently defective MOFs.15–17 MW-
assisted synthesis is more appealing as a green synthesis
method because it can heat the entire volume of solution uni-
formly in a very short reaction time with precise control of
temperature.7

We among others reported that the MW-assisted synthesis
of MOFs showed an enhancement of N2 and CO2 uptake
capacity, compared to the analogous CE-heating method based
materials.18,7c,h J. Juan-Alcañiz et al. reported that the highest
polyoxometalate encapsulation in MIL-100(Cr) MOF depended
on MW-heating and solvent mixtures.7p However, detailed
investigations on the origin of the high guest uptake capacity
of MW-assisted materials were not done. We have previously
synthesized Zn/Co (M2+) based isostructural IFP (IFP =
Imidazolate Framework Potsdam) that was formed under CE
conditions in N,N′-dimethylformamide (DMF).19 The imidazo-
late chelate ligand, 2-substituted imidazolate-4-amide-5-
imidate (2a/2b) linker (R = methoxy or ethoxy) was generated
in situ by partial hydrolysis of 4,5-dicyano-2-substituted imid-
azole (1a/1b) under solvothermal conditions in DMF and in the
presence of metal nitrate hydrate salt (Scheme 1). The M2+ ion
is pentacoordinated by donor atoms of ligands 2a/2b to form a
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distorted environment with a trigonal–bipyramidal geo-
metry.19c Ligands 2a/2b link with M2+ ions and form a neutral
microporous imidazolate MOF with 1D hexagonal channels
(Fig. 1). The flexible groups (e.g., methoxy and ethoxy) protrude
into the open channels. M2+ ions in the IFP structure and
bridging ligands 2a/2b act as 3-connected topological species
forming a net with a uninodal topology, named etb.

Herein, we report the MW-assisted synthesis of three iso-
structural frameworks IFP with flexible methoxy and ethoxy
linker arms of the chelating linker 2-substituted imidazolate-4-
amide-5-imidate, named IFP-7-MW19a (M = Zn, R = OMe),
IFP-8-MW19b (M = Co; R = OMe) and IFP-10-MW19c (M = Co;
R = OEt) that show a strong enhancement of CO2 and H2

uptake capacities, compared with the same materials
synthesized by CE-heating methods. To understand this in-
congruity of gas uptake under both synthetic conditions for
essentially the same materials we investigated the inner-
porosity of the materials in an in-depth study with positron
annihilation lifetime spectroscopy (PALS).20

Positrons produced from a radioactive source or a positron
beam can form an electron–positron bound state randomly
inside liquids, gases, and some insulators. This bound state is
called “positronium (Ps)” which is a hydrogen-like atom.20

Depending on the relative orientation of electron and positron
spins, Ps has two states; a singlet state or para-Ps (p-Ps) for
antiparallel spins (S = 0) and a triplet state or ortho-Ps (o-Ps)
for parallel spins (S = 1). In a vacuum, the intrinsic lifetimes of

p-Ps and o-Ps are 0.125 ns and 142 ns, respectively. p-Ps
annihilates independently on the material due to its short life-
time while the o-Ps lifetime is affected by the medium and it
can be reduced even to the 1 ns level via the pick-off process
which means that o-Ps can pick an electron from the host
material with an antiparallel spin relative to the positron in Ps.
In porous materials, the pick-off annihilation rate (the reci-
procal of the o-Ps lifetime) will change inversely with the pore
size (hence the o-Ps lifetime will be proportional to the pore size).
Such a correlation between pore size and o-Ps lifetime was firstly
estimated by Tao-Eldrup (TE)21 which is valid for small pores
(pore size <2 nm) with temperature independency and it is
extended by the rectangular TE model which is valid for small
and large pore sizes and at different temperatures.22,23 In this
work, PALS of MW-assisted IFPs shows smaller sized pores
than those obtained from CE-methods as IFP-MWs have the
possibility to incorporate extra linkers.

2. Materials and synthesis

The linker precursors 4,5-dicyano-2-methoxyimidazole (1a)
and 4,5-dicyano-2-ethoxyimidazole (1b) were synthesized
according to the published procedures.24 All reagents and
solvents were used without further purification. MW-assisted
synthesis was performed on the microwave system CEM
Discover. For general synthesis, 50 mg of the linker precursor
1a/1b and an equimolar amount of metal salt hydrates were
dissolved in 3.5 mL DMF and placed in a 10 mL glass vial with
a magnetic stirrer. Under MW-assisted conditions at 120 °C
and 60 min reaction time, powdery materials were obtained.
The material was filtered and washed with DMF (3 × 4 mL)
and ethanol (3 × 3 mL). IFP-7, -8 and -10 were also synthesized
under CE-conditions (renamed here IFP-n-CE) according to the
published procedure and the same washing procedure.19

IFP-7-MW: Yield: 54 mg (81%) based on Zn(NO3)2·4H2O;
elemental analysis; Found, C 30.94; H 3.74; N 17.00; ATR-IR:
3320, 3103, 1658, 1543, 1442, 1263, 1225, 1111, 830, 741,
678 cm−1.

IFP-8-MW: Yield: 51 mg (77%) based on Co(NO3)2·6H2O;
elemental analysis; Found, C 32.41; H 3.82; N 17.63; ATR-IR:
3345, 1655, 1558, 1467, 1403 1285, 1110, 810, 726, 687,
580 cm−1.

IFP-10-MW: Yield: 61 mg (84%) based on Co(NO3)2·6H2O;
elemental analysis; Found, C 33.84; H 4.10; N 17.51; ATR-IR:
3338, 1655, 1544, 1467, 1389, 1341, 1285, 1110, 1034, 817, 692,
523 cm−1.

3. Results and discussion
3.1 Synthesis and characterization

We have synthesized IFP-7, -8 and -10 under MW-assisted con-
ditions, named here IFP-7-MW, -8-MW and -10-MW, respecti-
vely, in higher yields (77 to 84%) in a short reaction time of
1 h, compared with CE-conditions (52 to 67% yield,

Scheme 1 MW-assisted synthesis of IFP-7-MW, -8-MW and -10-MW.

Fig. 1 Schematic presentation of 1D hexagonal channel IFP structure.
“R” denotes –OMe and –OEt.
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Scheme 1). The identity of these materials was verified by IR
spectroscopy (Fig. S1†) and powder X-ray diffraction (PXRD).
The PXRD patterns of the MW materials positively match the
diffractograms under CE-conditions and simulated from the
single-crystal X-ray structures (Fig. 2). Scanning electron
microscopy (SEM) images revealed small particles with
different morphologies for IFP-7, -8 and -10 each (Fig. 3).
Interestingly, when the reaction was performed under MW-
assisted conditions (Scheme S1 in the ESI†), only phase pure,
IFP-7-MW and -8-MW were formed and no doubly in situ
hydrolysed imidazolate-4,5-diamide-2-olate (3a) linker based

side product of H-bonded molecular building blocks (MBBs)
was detected that usually was observed under CE-conditions
(Scheme S1 in the ESI†).25,19b We reasoned that the CE-syn-
thetic conditions could be “thermodynamically” driven, allow-
ing a long time for crystal growth in a reversible self-assembly
synthesis process. In this slow process, both the in situ 2a and
3a linkers were generated and, hence there should have been a
competition for coordinating to the metal center, forming 3a
linker based hydrogen-bonded MBB structures or 2a based
MOFs. Notably, in the hydrogen-bonded MBB structure, the
metal centers, e.g., Zn and Co needed a higher coordination
number of six or seven. In contrast, Zn and Co in the MOFs
IFP-7 and -8, respectively, were five-fold coordinated by the 2a
linker. We anticipated that under fast, kinetically-controlled
MW-assisted conditions only the in situ linker formation of 2a
would occur and be followed by five-fold coordination with 1st

row transition metals that led to the IFP structure. In contrast,
we have previously reported that the same reaction under
MW-assisted conditions run with Cd-salt preferably yielded
six-fold coordination to the Cd center, forming a single
product of H bonded MBBs, due to the bigger size of Cd than
Co and Zn.26 Therefore, MW-assisted conditions have an
advantage for the formation of a single product, whereas the
conventional CE-heating methods gave a mixture of products.

The materials are activated by degassing at 200 °C under
high vacuum (10−3 bar) for 24 h, prior to gas-sorption
measurements. PXRD patterns of activated materials exhibit
diffraction peaks similar to those of the as-synthesized sample
(Fig. 2). This indicates that the porous framework maintained

Fig. 2 Comparison of PXRD patterns of (a) IFP-7, (b) IFP-8 and (c)
IFP-10, synthesized under CE- and MW-assisted conditions (gray: simu-
lated; black: as-synthesized under CE-conditions; blue: as-synthesized
under MW-conditions and red: activated under MW-conditions).

Fig. 3 SEM images of IFP-7, -8, and 10, synthesized under MW- and
CE-assisted conditions.
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the crystalline integrity after activation. The hydrolytic stability
was analyzed by suspending IFP samples for 3 days in boiling
water. In boiling water, IFP-7-MW irreversibly transformed its
structure to a so-far unknown crystalline phase (Fig. S2a†)
which is similar to IFP-7.19a IFP-8-MW and -10-MW
maintained their fully crystalline integrity in boiling water as
confirmed by PXRD. This behavior is consistent with the
analogous materials synthesized under CE-conditions
(Fig. S2b and S2c†).19b

3.2 Gas sorption and separation

N2 isotherms were obtained at 77 K up to a relative pressure
p/p0 of 0.995. The IFP pore aperture is too narrow for N2

adsorption at 77 K. At cryogenic temperature diffusion of N2

molecules into small micropores is very slow. This diffusion
limitation at 77 K influences N2 adsorption in ultramicropores
(pores smaller than 7 Å) so that N2 probably does not probe
the 0.2 nm (2 Å) channels.27 The very low specific surface area
of IFPs, synthesized under MW-assisted conditions, corres-
ponds essentially to the outer surface of a powdery material
and is comparable to the materials formed under CE con-
ditions (Table 1).

At pore sizes close to the kinetic diameter of N2 (∼3.64 Å),
the diffusion limitation at 77 K can be alleviated by the use of
CO2 (kinetic diameter 3.30 Å) as an adsorbate at 273 K which
ensures faster equilibration.26,28 The saturation pressure of
CO2 at 0 °C is ∼26 141 Torr and low relative pressure measure-
ments necessary for micropore analysis are achieved in the
range of moderate absolute pressures (1–760 Torr). The advan-
tages of CO2 adsorption at 273 K versus N2 adsorption at 77 K
are faster analysis, greater confidence that measured adsorp-
tion points are equilibrated (both due to higher diffusion
rates) and adsorption onto pores of smaller sizes that are
accessible to CO2 molecules but not to N2.

The CO2 sorption measurements of IFP-7-MW at 273 and
298 K yielded high uptake (Fig. S3a† and Table 1). The uptake
of CO2 by IFP-7-MW at 273 K and 1 bar is 67.6 cm3 g−1 which
is higher than the previously reported IFP-7-CE (Fig. S4†), syn-
thesized under CE-conditions (Table 1). At 273 K, a significant
increment of CO2 uptake takes place in the low-pressure
region, and a small hysteresis is observed in the desorption
branch. The same enhanced CH4 uptake is noted for IFP-7-

MW compared to IFP-7-CE (Fig. S3b†). Interestingly, H2 sorp-
tion increased nearly 2.5 times for IFP-7-MW compared to
IFP-7-CE, showing a very broad hysteresis of type H2 with a
steep desorption branch (Fig. S3b†). Such hysteretic behavior
is common for the MOFs with very narrow pores and/or flex-
ible substituents10,11 and is similar to IFP-7-CE (Fig. S4†).19a

Hysteresis loops of type H2 are given by more complex pore
structures in which network effects are important. The very
steep desorption branch, which is a characteristic feature of
H2(a) loops, can be attributed either to pore-blocking/percola-
tion in a narrow range of pore necks or to cavitation-induced
evaporation.27e The same broad H2 desorption hysteresis of
type H2 was also observed for IFP-7-CE (see Fig. S4 in the
ESI†).27e Attempts were made to address the origin of the
broad H2 desorption hysteresis in the previous work by
increasing the equilibration interval between measurements
up to 50 s, thereby increasing the total measurement time
from 29 h to 68 h for the H2 sorption experiment with IFP-7-
CE.19a The broad hysteresis remained unaffected (see Table S1
and Fig. S5 with further explanations in the ESI†). Also, com-
parison of the H2 desorption behavior with that of IFP-1 (no
hysteresis),19d which is isostructural to IFP-7 but with a methyl
group instead of a methoxy group, is seen as further strong evi-
dence of the flexibility of the methoxy group and its action in
the gate opening behavior of IFP-7-CE (Fig. S5 and S6†). To
check the reproducibility of the gas sorption, we performed
CO2 uptake for IFP-7-MW for the 2nd run at 273 K. The gas
uptake capacity is slightly reduced (Fig. S3c;† 1st run: 67.6
cm3 g−1 and 2nd run: 64.1 cm3 g−1) that could be due to the
deterioration of some parts of the framework and interestingly,
the hysteresis isotherm is maintained and the gas uptake is
higher than IFP-7-CE (57.0 cm3 g−1).

Co-based IFP-8-MW exhibits a much higher CO2 uptake
than the CE material and the hysteretic desorption dis-
appeared (Fig. 4a).19b A similar result was observed for CH4

uptake (Fig. 4b). Exceptionally, the H2 uptake capacity (at 77 K)
of IFP-8-MW (Fig. 4b and Table 1) is 12 times higher
(112.7 cm3 g−1) than IFP-8-CE (Fig. S8†) with a very broad de-
sorption hysteresis as noted and explained above for the
IFP-7 materials (the slightly higher H2 amount upon desorp-
tion is an artefact of a somewhat too low equilibration time of
20 seconds per data point). A similar type of desorption hyster-

Table 1 Adsorbed gas volumes [Vads (cm
3 g−1)] in activated IFP-n-MW at 1 bar, in comparison with the gas sorption data of IFP-n-CE19

IFP-n
Channel
diametera (nm)

Void
spaceb (%) SBET

c/m2 g−1

VCO2
/cm3 g−1

Micropore
volumed/cm3 g−1

VH2
/cm3 g−1

(77 K)
VCH4

/cm3 g−1

(273 K)273 K 298 K

7-CE19a 0.21 34 3 57.0 40.0 0.096 50.3 17.0
7-MW 4 67.6 43.8 0.147 124.9 26.3
8-CE19b 0.22 36 9 37.6 27.0 0.056 9.3 8.0
8-MW 10 80.9 53.9 0.148 112.7 34.9
10-CE19c 0.03 26 13 39.0 32.0 0.052 4.4 6
10-MW 28 52.6 34.5 0.092 12.5 7.4

a By considering the van der Waals radii, the accessible channel diameter. b Potential solvent area calculated by PLATON. c A surface area below
20–30 m2 g−1 is essentially the outer surface area of a powder. dCO2-accessible micropore volume.
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esis was observed in NOTT-200.29 The adsorption at higher
relative pressure is irreversible due to small pore openings,
which gives rise to an open loop hysteresis (Fig. 4b). The
smaller H2 molecule can pass through the gates formed from
the methoxy groups. The sorption isotherms can deviate from
ideal equilibrium experiments as pronounced kinetic effects
occur because of the small channel size and the gate effect. In
Fig. 4b, the H2 sorption isotherm confirms that 98% of the
adsorbed H2 is trapped in the framework when the pressure is
reduced from 1 bar to 0.15 bar. IFP-10-MW also performed

enhanced CO2 and H2 sorptions, albeit less pronounced CH4

sorption than the CE-analog (Fig. S9 and S10†). The hysteretic
desorption behavior was observed for all gases (Table 1). Our
previous report also showed that MW-assisted IFPs of other
functionalities showed an improved gas sorption.18

To understand the nature of amide–CO2 interactions, the
coverage-dependent isosteric heat of CO2 adsorption (Qst) was
calculated by using the Clausius–Clapeyron equation (Fig. 4c).
As shown in Fig. 4c, the adsorption enthalpy for CO2 is 39 and
36 kJ mol−1 at zero coverage of IFP-7-MW and -10-MW, respect-
ively. Noticeably, the adsorption enthalpy value decreased at
first, increased again to go through a small maximum, and
finally clearly increased with increasing CO2 uptake. Notably,
the adsorption enthalpy at zero coverage of IFP-8-MW has
shown a slightly lower value, 30 kJ mol−1. The adsorption
enthalpy value of IFP-8-MW dropped at first through a small
minimum, and certainly enhanced with increasing CO2

uptake. Several amide-containing MOFs,30,31 including
IFP-6,23c were reported that showed similar behaviour for Qst

versus adsorbed CO2 volume. These amide containing MOFs
also exhibited a broad hysteresis and similar desorption
profile, which led to the convincing interpretation of this
broad desorption hysteresis as intermolecular amide inter-
actions with CO2 molecules based on isosteric heat measure-
ments together with DFT calculations.30a–c Amide groups
inside the channels can cooperatively bind CO2 molecules
(amide:CO2). In addition, amide cooperativity permits the
slipped-parallel arrangement of CO2 molecules by amide:CO2:
CO2:amide binding, which gives an extra gain of attraction of
about 3 kJ mol−1. The amide:CO2:CO2:amide binding inter-
action correlates with the significant increase in CO2 adsorp-
tion enthalpy with increasing CO2 uptake.30a–c These reported
studies can explain the hysteretic CO2 sorption behavior and
heats of adsorption data of IFP frameworks. Additionally, Qst

values with the loading of CO2 for IFP-7-CE (Fig. S11†)19a was
constant (and for IFP-8-CE was reducing; Fig. S12† 19b) and in
contrast MW-assisted materials showed increasing values that
might suggest the strong interaction between amide groups
and the linkers of MW-assisted materials.

3.3 Positron annihilation lifetime spectroscopy (PALS)

PALS has inherent advantages over gas sorption techniques
as an analytical tool to study porous materials such as
Zn-HKUST-1,22 MOF-5,23a IFP-6.23c and MIL-101Cr/PSF.23e

Most importantly, an accessible, interconnected pore space is
not required to yield pore size from PALS and occurrence data,
as energetic positrons will pass directly through the insulating
material until losing enough energy to form positronium or
annihilate directly via positron–electron interaction.

The PALS method can be applied for open- and closed-pore
systems and the inner porosity. The method can provide evi-
dence for the presence of inner pores in solvent-free IFP struc-
tures. For comparison, PALS was performed for the materials
synthesized under both conditions under the same activation
conditions. 5 × 106 counts per spectrum were accumulated by
digital PALS with 225 ps full width at half maximum, using a

Fig. 4 Gas sorption isotherms for activated IFP-8-MW, (a) CO2; (b) H2

and CH4. Adsorption and desorption branches are indicated by closed
and open symbols, respectively; (c) isosteric heats of CO2 adsorption as
a function of the adsorbent loading.

Paper Dalton Transactions

4828 | Dalton Trans., 2017, 46, 4824–4833 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 1
6 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 H

ei
nr

ic
h 

H
ei

ne
 U

ni
ve

rs
ity

 o
f 

D
ue

ss
el

do
rf

 o
n 

20
/0

4/
20

17
 1

3:
07

:5
1.

 
View Article Online

http://dx.doi.org/10.1039/c7dt00350a


low activity 22-Na source (7 µCi). Data were analyzed by the
LT1032 routine to extract positron lifetime values, which gave
four positron lifetime (τ) components with the following physi-
cal meanings: τ1 represents the p-Ps annihilation (0.125 ns), τ2
is the free positron annihilation in the material matrix (varies
from 0.3–0.6 ns), τ3 indicates positronium annihilation in the
materials and/or the annihilation in small pores (micropores
<2 nm) (1–20 ns), and τ4 means the positronium annihilation
in the larger pores or defective sites which act as large pores.
Based on crystallographic data, we anticipate that the geo-
metrical pore shape of IFP materials could result from being
spherical.23c In order to calculate the pore size by PALS,
samples were activated at 200 °C for 12 h to be comparable
with other methods.23

For PALS results, τ3 is considered to be a measure of the
microporosity found in the samples while τ4 is regarded to be
a measure of the produced defects which could be due to
structure flexibility or missing linkers. On one hand, micro-
pores (determined from τ3) of IFP-8 synthesized under CE con-
ditions (Fig. 5a) are larger than those of IFP-8-MW synthesized
under MW-assisted conditions. IFP-8-CE micropore diameters
are fluctuating around 0.6 nm during the activation periods
and IFP-8-MW micropore diameters reduced from ∼0.5 nm in
air at RT to ∼0.3 nm after activation at 200 °C for 12 h. The cal-
culated pore size by PALS was 0.6 nm and the X-ray structure
analysis gave two types of pore sizes of IFP-8 (0.71 and
0.90 nm), considering the flexibility of the methoxy group
(Fig. S13†). These conflicts can be understood if the procedure
of pore size calculation by PALS is known. According to TE21

(valid only for a pore diameter <2 nm) or Rectangular TE (RTE,
valid for pore diameters less and greater than 2 nm),22,23 o-Ps
is confined in a potential well of height V and radius R
(Fig. 6a). In a vacuum (center of the rectangular potential well
in the RTE model), o-Ps has an infinite lifetime (142 ns) but
this infinite lifetime will be reduced due to the interaction of
the Ps with electrons in the wall of the potential well (Fig. 6a).
When o-Ps comes close to the wall of the well, it will interact
with a potential well of height ΔV and thickness ΔR (or δ in
the RTE model). o-Ps annihilation occurs due to the overlap-
ping between Ps and electron wave functions inside ΔR or δ-
thick layer. The value of δ is well known for porous silica
(0.18–0.19 nm),33 0.193 nm for controlled porous glass,34 and
0.166 nm for organic materials.35 This means that δ is not an
absolute value and it is a material-dependent factor36 which
should be estimated for each material’s class precisely. Since it
is a fitting free parameter because it fits the electronic density
in the pore wall, ΔR or δ can be used as a surface sensitive
parameter because a certain class of materials has a definite
value and such a value is larger in the case of inner pore
surface swelling. Smaller o-Ps lifetimes (and hence smaller
pore sizes) than the expected mean that the pore inner surface
might have extra linker incorporation (Fig. 6b). As a result of
the activation it showed faster o-Ps annihilation and an unreli-
able pore detection (Fig. S15†). In such a case, o-Ps will detect
a narrower pore than the real one because the presence of the
extra linkers inside the pore will add an extra electronic layer

Fig. 5 Pore size of (a) IFP-8 and (b) IFP-10 by considering the spherical
shapes as a function of annealing time (the large pore sizes have stan-
dard deviation points without standard deviation mean that their error
values (in positron lifetime) are so small and cannot be used as pore
size/deviation).

Fig. 6 (a) TE model for the spherical pore and a rectangular potential
well of radius R and height V. The thickness of the overlapping region
(pick-off ) annihilation is ΔR and its height is ΔV; (b) schematic illus-
trations of the existence of loosely coordinated linkers inside the pores
results in underestimation of the pore size. o-Ps between the linkers will
annihilate faster than if they are not there. Red spheres are o-Ps, blue
pentagonals are loosely coordinated linkers, and the open dark cyan
sphere is the actual pore.
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to ΔR or δ by, on average, an irregular pore inner surface swell-
ing. Such a swelling is larger in the case of IFP-8-MW than in
IFP-8-CE. The same argument was presented for porous
polymer–silica composites.35 Moreover, a careful look at the
TGA curves of IFP-8-MW showed a less weight loss (%) at
290 °C (IFP-8 and -8-MW: 18.6 and 13.8, respectively; Fig. 7b
and IFP-7-CE and -7-MW, wt loss (%): 15.5 and 12.5 respect-
ively; Fig. 7a; see Fig. S19† for IFP-10), compared with the
materials synthesized under CE-conditions which suggests
that the pores were occupied with the weakly coordinated
linkers which were hardly removed during a similar washing
process. To check whether the occupied linkers were starting
linkers or their hydrolysed part, the IR-spectra manifested no
stretching bands related to CuN in the 2205–2225 cm−1 region
(Fig. S1†). Instead, new typical bands for amide and imidate
groups were observed at around 1550 cm−1 and 1660 cm−1,
respectively and associated with a broad amide N–H band,
suggesting that all linkers were hydrolysed to amides. This
would explain the contradiction between PALS and X-ray pore
sizes. On the other hand, the calculated pore size from τ4 is also
larger for IFP-8-CE than IFP-8-MW and this large pore size
could not be obtained from the structural model of IFP-8-CE19b

that was constructed by single-crystal X-ray structure determi-
nation for IFP-1,19d and was further optimized by using a
density functional theory ab initio method. This could probably

be due to missing linker defects15 at a few regions of the crystal.
It should be mentioned here that their intensity (which
indicates their concentration) is very small (∼1%, Fig. S15†).

After 3 h of annealing time, the small pore sizes of IFP-10-
CE and IFP-10-MW are similar and negligibly reduced. τ4 of
IFP-10-CE has shown always higher in size than its MW-
assisted material although the value is constantly reducing
upon annealing time as similar with IFP-8-MW (Fig. 5b and
S16†).

Micropores (from τ3) of IFP-7-CE and -7-MW are similar
after 6 h of activation, but the micropores of IFP-7-CE are still
larger than those in IFP-7-MW (Fig. S17†). On the other hand,
the defect related pores (from τ4) are nearly the same in both
samples after 6 h of activation which are similar to the pre-
activation value (zero annealing time, Fig. S18†). These average
values of defect-related pores are scattered after 3 h of acti-
vation at larger values for IFP-7-MW and smaller values for
IFP-7-CE. Surprisingly, PALS detected a fifth component after
3 h of activation for IFP-7-CE and after 6 h for IFP-7-MW. The
fifth value of IFP-7-CE is increased from ∼2.7 nm after 3 h to
∼4.2 nm after 6 h then it is reduced to ∼3.5 nm after 12 h
while it is continuously reduced for IFP-7-MW from its first
instance after 6 h from ∼3.9 nm to 3.3 nm after 12 h
(Fig. S18†). Their related intensities showed a reverse behav-
iour relative to lifetime components (Fig. S17†). In the case of
considering τ4 as a detection of defects due to missing linkers
and the presence of τ5 in samples IFP-7-CE and IFP-7-MW to
be an agglomeration of these defects to form a larger void or
mesopores in the samples and since such a process is temp-
erature dependent, the instability of the variation of τ5 is due
to the irregular shape of the formed large void (I5 in Fig. S17;†
∼3–4%).15 Also, the initiation of such an agglomeration starts
earlier in the case of sample IFP-7 than IFP-7-MW which can
be understood from the intensity of both samples (Fig. S17†).
After 3 h of IFP-7-CE activation, I4 > I3 which means that meso-
pores dominate over micropores which suggests a higher prob-
ability to form larger voids (τ5), while the appearance of τ5 for
IFP-7-MW is difficult to be explained in terms of intensity.

However, we could not find (i) any indications of broaden-
ing of the reflexes in the PXRD patterns (compared to CE
materials; Fig. 2) that may suggest smaller crystallites due to
partly amorphous phase formation and (ii) the characteristic
type-I isotherm of the H4 type hysteresis for N2 adsorption
could prove the crystal defects due to the mesopore formation
in microporous materials as the IFP materials hardly adsorbed
N2 at 1 bar and 77 K. TGA data of MW-assisted IFP suggest
that the extra protonated form of neutral non-coordinated
2a/2b linkers were incorporated during the in situ synthesis
process, which were unable to leave the pores through the
narrow pore apertures during the washing process. The small
(τ3) and large (τ4) pore sizes for the MW-assisted materials
show lower values, compared to the CE-conditions, deduced
by PALS. Therefore, it is suggested that the MW-assisted
materials have an underlying ability to loosely coordinate extra
linkers. The CO2-accessible micropore volume of MW-assisted
materials has shown higher values (Table 1) than CE-assisted

Fig. 7 TGA curves for (a) IFP-7 and (b) IFP-8 (black: as-synthesized
under CE-conditions; blue: as-synthesized under MW-conditions and
red: activated under MW-conditions).
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IFPs due to a larger number of ultramicropores in the MW-
assisted materials.28 Small gas molecules may strongly interact
with the narrow sized pore walls of these ultramicropores in
MW-assisted materials, exhibiting enhanced gas sorption com-
pared to that in CE-assisted materials.

4. Conclusions

We have synthesized isostructural 2-substituted imidazolate-4-
amide-5-imidate linker based metal-imidazolate frameworks
(IFP-7-MW, -8-MW, and -10-MW) under MW-assisted con-
ditions. Also we have solved the problem of obtaining two pro-
ducts formed under CE-conditions into only one “kinetically
controlled” product under MW-assisted conditions.
Remarkably, the enhancement of gas uptake capacities of MW-
assisted materials was observed, in comparison with the
materials synthesized by the CE-method. In-depth porosimetry
studies by using PALS indicated that the smaller pore sizes of
MW-assisted materials than those obtained under CE-con-
ditions could have an inherent ability to loosely coordinate
hydrolysed linkers. Thus, the ultramicropore volume (calcu-
lated by the CO2-accessible micropore volume) for MW-
assisted materials was increased. Small gas molecules could
interact efficiently with the narrow sized pore walls of these
ultramicropores in MW-assisted materials, showing higher gas
sorption than in CE-assisted materials.
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