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a b s t r a c t

Monolithic shaping of metal-organic frameworks (MOFs), which are normally received as microcrys-
talline powder is crucial for possible applications of MOFs. Three members of the MIL-family (MIL-
100(Fe), MIL-100(Cr) and MIL-101(Cr)), known as water stable porous coordination polymers, were
embedded into a macroporous oilewater (o/w) high internal phase emulsion (HIPE) foam, based on
cross-linked poly(N-isopropyl acrylamide) (NIPAM). Pre-polymerization of the HIPE emulsions before
adding the MIL-MOF powders was an indispensable step in synthesizing highly porous composites, thus,
minimizing pore blocking effects. The larger the pores and the higher the surface area of the MIL the less
pronounced were pore blocking effects upon composite formation. These composite materials (MIL@-
poly(NIPAM)HIPE, in short MIL@NIPAM) could be loaded with up to 92 wt% of the MIL component
(followed and verified by powder X-ray diffractometry, infrared spectroscopy and scanning electron
microscopy). MIL@NIPAM composites show higher water vapor uptakes in comparison to the native HIPE
material so that MIL@NIPAM composites could be used as monolithic water sorbents for heat trans-
formation applications. For MIL-101(Cr)@NIPAM the water uptake of up to 0.4 g/g occurs with the typical
S-shaped isotherm in the range of 0.3 < P∙P�1

0 < 0.5.
© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Metal-organic frameworks (MOFs) are three-dimensional co-
ordination networks, built from metal ions or metal clusters
(nodes), connected by multidentate organic ligands, with potential
porosity [1]. The crystalline MOFs have uniform micro-/meso-
porous structures with high surface areas and exhibit guest ex-
change properties which is the basis for possible applications [2e4]
such as catalysis [5e9] gas storage [10e13], gas separation [14e18].
Various review articles are evidence to the steady interest in MOFs
[19e26].

Recently MOFs are investigated in connection with sorption-
based environmentally friendly heating and cooling technolo-
gies [24e30]. Electrical energy consumption by conventional air-
conditioners accounts for 30e50% of the total electric energy
consumed in modern buildings during hot seasons [31]. Sorption-
based heat transformations require about one third electrical
power of a conventional compressor air-conditioner andmake use
ak).
of low temperature waste heat or solar thermal heat as driving
energy [28,30]. Thus, thermally driven adsorption chillers (TDC)
or adsorption heat pumps (AHP) represent promising alternatives
for traditional cooling or heating devices in terms of saving elec-
trical energy and thereby reducing greenhouse gas emission for
electricity production.

The basic principle of a vapor sorption based chiller or heat
pump is illustrated in Fig. 1. It consists of a vessel containing the
dehydrated (activated), porous adsorbent (e.g. a zeolite, silica gel
or a MOF) and another vessel, which includes the working fluid
(e.g. water). Water is a desired working fluid as it is non-toxic and
has a high evaporation enthalpy (2440 kJ mol�1 at 25 �C) [24e26].
During the production cycle, the working fluid is evaporated,
which generates useful cold in a cooling case and the heat of
adsorption is released to the environment, or used when the de-
vice is operated as a heat pump. For regeneration of the porous
adsorbent, heat from an external source such as a solar collector or
waste heat is applied to desorb the working fluid, which is
condensed to release heat of condensation. In the heat pump
mode, this heat is used. In a cooling application it is rejected to the
environment. Water vapor is exchanged reversibly within the
production/regeneration cycle.
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Fig. 1. Principle of thermally driven adsorption chillers (TDC) or adsorption heat pumps (AHP). Left e working cycle: Water or another working fluid is vaporized at a low pressure,
by drawing heat of evaporation Qevap from the environment. Water vapor is adsorbed to the (dry) sorption material, giving off heat of adsorption Qads. Right e regeneration cycle:
The loaded sorption material is dried again by applying driving heat Qdes for desorption. The working fluid desorbs and is condensed at a medium temperature level releasing heat of
condensation Qcond.
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Micro/mesoporous MIL-101(Cr), {Cr3(m3-O)(F,OH)(H2O)2(BDC)3∙
~25H2O}n (BDC ¼ benzene-1,4-dicarboxylate, terephthalate) is a
chromium(III)-terephthalate MOF with BET surface areas up to
4100 m2 g�1 [32] and was shown to be a promising candidate for
heat transformation applications due to its S-shaped water
adsorption isothermwith loading lifts of 1.0e1.5 g g�1 [33]. MIL-101
features a zeotype structurewith cages of 29 Å and 34 Å in diameter
(Fig. 2) [32]. Water cycling tests have only shown a slight degra-
dation of approximately 3% after 40 ad-/desorption cycles [33].
Fig. 2. MIL-101(Cr): (a) mesoporous network; (b) small cage with pentagonal windows; (c) l
yellow spheres in the mesoporous cages with the indicated diameters take into account the
crystallization are not shown. Graphics have been drawn with DIAMOND [34] from the de
references to colour in this figure legend, the reader is referred to the web version of this
Metal-organic frameworks of the MIL-100 type
(MIL ¼ Materials of Institute Lavoisier), namely {M3(m3-
O)(OH,F)(H2O)2(BTC)2∙~nH2O} (M¼ Cr3þ [35], Fe3þ [36], Al3þ [37],
BTC ¼ benzene-1,3,5-tricarboxylate, trimesate) are further po-
tential adsorbents for AHP and TDC applications. Again, two types
of mesoporous cages of 25 Å and 29 Å in diameter form the zeo-
type structure, with surface areas of 1500e2000 m2 g�1 (Fig. 3).
The desired S-shaped adsorption isotherms showed water loading
lifts of 0.6e0.7 g g�1 for MIL-100(Cr), 0.65e0.75 g g�1 for MIL-
arge cage with pentagonal and hexagonal windows; Objects are not drawn to scale. The
van-der-Waals radii of the framework walls. Hydrogen atoms and solvent molecules of
posited cif-file for MIL-101(Cr) (CSD-Refcode OCUNAK) [32]. (For interpretation of the
article.)
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100(Fe) and 0.5 g g�1 for MIL-100(Al) and promising cycling sta-
bilities [38,39].

Bulk metal-organic frameworks, are synthesized as fine (mi-
cro-)crystalline powders. For large-scale handling and in realistic
applications MOFs require appropriate shaping with binders
[40] or by pressing into tables or pellets [41] to avoid, e.g., dust
formation. It is a challenge to shape MOFs without losing
their porosity and simultaneously achieve mechanically stable
bodies [42]. This is a rapidly growing research, which has been
recently reviewed by Bradshaw and co-workers and Xu et al.
[43,44].

High internal phase emulsion (HIPE) polymerization is a syn-
thetic technique to obtain monolithic, macroporous polymers [45].
In a conventional emulsion the internal/dispersed phase is insol-
uble in the continuous phase. When the volume fraction of the
dispersed phase is increased to 74%, which is themaximumpacking
fraction for equal spheres, the dispersed phase is surrounded by a
thin film of the external/continuous phase. This specific state is
named ‘HIPE’ [46]. After polymerization of the monomers and
cross-linkers in the continuous phase and removal of the internal
phase by washing steps, a monolithic macroporous polyHIPE ma-
terial of low density (<0.1 g cm�3) can be obtained. PolyHIPEs
possess a special open cell structure with two kinds of macropores.
The larger voids of approximately 0.5e600 mm in diameter, induced
by the droplets of the internal phase, are connected by the smaller
windows of approximately 0.1e300 mm in diameter [46]. Due to
their macroporous nature, polyHIPEs show BET surface areas of less
than 50 m2 g�1.

(Meth-)acrylic monomers as well as other vinyl monomers
such as acrylonitrile [47] and N-isopropyl acrylamide [48] have
been utilized to synthesize monolithic polyHIPE bodies. The
monomers, used inwater/oil (w/o) HIPE systems, are hydrophobic
Fig. 3. MIL-100(M): (a) mesoporous network; (b) small cage with pentagonal windows; (c) l
yellow spheres in the mesoporous cages with the indicated diameters take into account the
crystallization are not shown. Graphics have been drawn with DIAMOND [34] from the dep
CIGXIA for Fe [36]. (For interpretation of the references to colour in this figure legend, the
and the polymerization of the continuous, oily phase also leads
to hydrophobic products. Intended hydrophilic polyHIPEs are
obtained by polymerization of hydrophilic monomers in the
aqueous phase of oil/water (o/w) HIPEs. Control over HIPE struc-
tures can be obtained by fine-tuning parameters such as the ratio
of both phases, choice of monomers and surfactants, degree of
cross-linking, temperature, curing time and several others
[49e52].

In this work, we report the embedding of water stable MIL-
100(Fe and Cr) and MIL-101(Cr) particles in supposedly hydro-
philic poly(NIPAM)HIPE (NIPAM ¼ N-isopropyl acrylamide) for
water sorption application.

2. Experimental section

2.1. Materials and methods

All chemicals were obtained commercially and were used
without further purification. Iron powder (Riedel-de Ha€en, >99%),
CrO3 (Alfa Aesar, 99%), Cr(NO3)3∙9H2O (Acros Organics, 99%), hy-
drofluoric acid (Acros Organics, 48e51 wt% in H2O), HNO3
(Grüssing, 65 wt%), 1,3,5-benzenetricarboxylic acid (H3BTC) (Alfa
Aesar, 98%), benzene-1,4-dicarboxylic acid (H2BDC) (Acros Or-
ganics, >99%), tetramethylammonium hydroxide (TMAOH) (Alfa
Aesar, 25 wt% in water), N-isopropyl acrylamide (NIPAM) (TCI,
stabilized with 4-methoxyphenol), N,N0-methylenebisacrylamide
(MBA) (SigmaeAldrich, 99%), Triton™-X-405 (SigmaeAldrich,
70% in H2O), ammonium persulfate (APS) (ROTH,�98%), N,N,N0,N0-
tetramethylethylenediamine (TMEDA) (Merck KGaA, >99%), N,N'-
dimethylformamide (DMF) (VWR, p.a.), ethanol (VWR, p.a.),
cyclohexane (Applichem, p.a.). All experimental work was per-
formed in air.
arge cage with pentagonal and hexagonal windows; Objects are not drawn to scale. The
van-der-Waals radii of the framework walls. Hydrogen atoms and solvent molecules of
osited cif-file for CCDC number 648835, Refcode UDEMEW for Cr [35], CCDC 640536,
reader is referred to the web version of this article.)
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2.2. Physical measurements

Powder X-ray diffraction (PXRD) was carried out at ambient
temperature on a Bruker D2 Phaser with a flat sample holder using
Cu-Ka radiation (l ¼ 1.54182 Å). Fourier transform infrared spectra
were obtained on a Bruker TENSOR 37 IR spectrometer at ambient
temperature as KBr disks in the range of 4000e500 cm�1. Nitrogen
physisorption isotherms were measured on a Nova 4000e from
Quantachrome at 77 K. BET surface areas were calculated from the
nitrogen physisorption isotherms. DFT calculations for the pore size
distribution curves were done with the native NovaWin 11.03
software using the ‘N2 at 77 K on carbon, slit pore, nonlinear density
functional theory (NLDFT) equilibrium’ model [53e55]. Water
physisorption isotherms were measured volumetrically on a
Quantachrome Autosorb iQ MP at 293 K. For measuring the iso-
therms the materials were loaded into glass tubes capped with
septa. The weighed tubes were attached to the corresponding
degassing port of the sorption analyzer, degassed under vacuum at
elevated temperature, weighed again and then transferred to the
analysis port of the sorption analyzer. Scanning electron micro-
scopic (SEM) images were collected on a LEO 1430 VP from Zeiss.
The samples were coated with Au for 180 s at 30 mA by an AGAR
sputter.

2.3. Synthesis of MIL-100(Fe,Cr) and MIL-101(Cr)

MIL-100(Fe), MIL-100(Cr) and MIL-101(Cr) were hydrother-
mally synthesized according to the literature [56e58]. Typical
batch sizes of 665 mg iron powder (11.9 mmol), 1.65 g H3BTC
(7.85 mmol), 0.83 mL hydrofluoric acid (24 mmol; 48e51 wt% in
H2O), 0.5 mL HNO3 (7 mmol; 65 wt%) and 60 mL of deionized H2O
(for MIL-100(Fe)), 1.20 g CrO3 (12.0 mmol), 2.52 g H3BTC
(12.0 mmol), 0.42 mL hydrofluoric acid (12 mmol; 48e51 wt% in
H2O) and 58 mL of deionized H2O (for MIL-100(Cr)) and 4.80 g
(12.0 mmol) Cr(NO3)3∙9H2O, 1.98 g (11.9 mmol) H2BDC, 1.1 mL
TMAOH (3.1 mmol; r ¼ 1.014 g mL�1; 25 wt% in H2O) and 60 mL of
deionized water (for MIL-101(Cr)) yielded the as-synthesized MILs.
For activation the MILs were purified through a consecutive
washing procedure with DMF, EtOH and deionized water (see
Supplementary data for details). Amounts of 1.50, 3.18 and 2.34 g of
purified MIL-100(Fe), MIL-100(Cr) and MIL-101(Cr), respectively,
were isolated (41, 69 and 50% yield based on Fe or Cr), as orange-
brown MIL-100(Fe) and green MIL-100/101(Cr) powders with BET
surface areas and pore volumes shown in Table 1. Pore volumes
(measured at P∙P�1

0 ¼ 0.95) and BET surface areas were calculated
from the type I N2 sorption isotherms (Fig. A.2a, A.4a, A.6a, Table 1).
BET surface areas of the MOF starting materials (2140 m2 g�1 MIL-
100(Fe); 1370 m2 g�1 MIL-100(Cr); 2860 m2 g�1 MIL-101(Cr),
Table 1) were in agreement with literature values (see ranges and
references given in Table 1, footnote f, g, h). Experimental, theo-
retical powder X-ray patterns and the IR-spectra are shown in
Fig. A.1, A.3, A.5.

2.4. Synthesis of native poly(NIPAM)HIPE

Poly(NIPAM)HIPEs with 9, 13 and 17 mol% of N,N0-methyl-
enebisacrylamide were prepared according to the literature [59].
In brief: Aqueous solutions of 4.0 mL each of N-isopropyl acryl-
amide (NIPAM, 1.0 mol L�1, 4.0 mmol) and N,N0-methyl-
enebisacrylamide (MBA, 0.05 mol L�1, 0.2 mmol) were added into
50 mL beakers. Different amounts of additional solid MBA (30 mg,
62 mg or 92 mg MBA, respectively) were then added to the so-
lutions under constant stirring. The surfactant Triton™-X-405 was
added followed by aqueous ammonium persulfate solution as
the radical initiator. After stirring for 10 min, the oily phase
cyclohexane was slowly dropped into each solution continued by
further stirring for 10 min. N,N,N0,N0-tetramethylethylenediamine
(TMEDA) which acts together with APS as radical initiator was
added followed by stirring for 10 min. The white, viscous disper-
sions were filled into Teflon-liners and cured for 3 days at 333 K. A
washing procedure with deionized water for each product was
followed by air-drying of the monoliths. White materials were
isolated which are differentiated by the relative total content of 9,
13 and 17 mol% MBA. Poly(NIPAM)HIPE with 17 mol% of total MBA
led to a monolithic body even though shrinkage of approximately
50% of the original volume occurred during drying. Using 9 and
13 mol% of cross-linking led to monoliths with pronounced
shrinkage, deformation and cracks.

3. Results and discussion

3.1. Native poly(NIPAM)HIPE

The synthesis of poly(NIPAM)HIPEs according to the literature
[59] consists of cross-linking N-isopropyl acrylamide with N,N0-
methylenebisacrylamide in a radical polymerization (Scheme 1).
To the best of our knowledge poly(NIPAM)HIPEs with MBA cross-
linking of only 1e5 mol% have been reported so far. Based on our
experimental experience and other literature, these reported
monoliths shrank considerably during drying, accompanied by
large cracks [59]. Increasing the degree of cross-linking should
enhance the mechanical stability for the derived monoliths,
yielding a more rigid and resistant material towards shrinkage
[46,60,61].

Therefore, additional amounts of MBA to bring the total to 9, 13
or 17 mol%, respectively, were added to increase the degree of
cross-linking. Still, only poly(NIPAM)HIPE with 17 mol% of MBA
yielded a monolithic body although shrinkage of approximately
50% of the original volume was observed during drying (Fig. 4a).
With 9 and 13 mol% of MBA the monoliths still exhibited large
shrinkage, deformation and cracks upon drying. This shrinkage is in
agreement with poly(NIPAM)HIPEs reported in the literature [59].

Scanning electron microscopic images of poly(NIPAM)HIPEs
with 9, 13 and 17 mol% of MBA are displayed in Fig. 4b,c,d. The
average void sizes for all three materials are in the range of
20e110 mm. Literature-known poly(NIPAM)HIPEs with 1 and 2 mol
% MBA show a bimodal pore size distribution with voids of 1e2 mm
and 60 mm (Fig. 5b). A cross-linking amount of 5 mol% of MBA led to
void diameters of 10 mm [59]. A strict correlation between degree of
cross-linking and void size seems not to be apparent.

Infrared spectra of poly(NIPAM)HIPEs are shown in Fig. A.9 and
are consistent with other literature data [62]. A typical water
sorption isotherm of native poly(NIPAM)HIPE (17 mol% MBA) is
shown in Fig. 5.

A low BET surface area of 20 m2 g�1 is typical for HIPE systems
due to their macroporous character. Macropores are by IUPAC
definition larger than 50 nm [63]. It has to be mentioned that
porosity of such macroporous systems should better be evaluated
from mercury intrusion porosimetry experiments, which is the
appropriate method for the analysis of pores between 3 nm and
950 mm. Porosity analysis based on gas physisorption is limited to
pore sizes with diameters of 400 nm and below. The pore size dis-
tribution curve of poly(NIPAM)HIPE (1% MBA cross-linking), calcu-
lated from mercury intrusion measurements, was taken from the
literature and displayed in Fig. 5b. The pore sizes of approximately
60.4 (±0.1) mm and 1.6 (±0.1) mm, found by mercury porosimetry
reflect the size of the voids and the connecting pores [59].

The water vapor sorption isotherm of native poly(NIPAM)HIPE
(17 mol% MBA) shows a rather hydrophobic shape based on its
parabolic shape (type III) (Fig. 5a) according to the IUPAC



Table 1
Results from nitrogen and water sorption measurements.a

Samplea Porosity data Water adsorption valuese

S(BET) meas.b (m2 g�1) S(BET) calc.c (m2 g�1) V(pore), (cm3 g�1)d Meas.e (g g�1) Calc.f (g g�1) Rel. To surface
areag (�10�3 g m�2)

Native poly(NIPAM) HIPE
(17 mol% MBA)

20 e 0.03 0.26 e 13

Bulk MIL-100(Fe) 2140 e 0.88 0.65e0.75h e 0.33
MIL-100(Fe)-NIPAM composites:
37 wt% MIL-100(Fe) 230 800 0.12 0.25 0.42 1.09
78 wt% MIL-100(Fe) 300 1650 0.16 0.27 0.60 0.90

Bulk MIL-100(Cr) 1370 e 0.84 0.6e0.7h e 0.47
MIL-100(Cr)-NIPAM composites:
49 wt% MIL-100(Cr) 90 680 0.14 0.25 0.45 2.78
58 wt% MIL-100(Cr) 150 800 0.17 0.26 0.49 1.73

Bulk MIL-101(Cr) 2860 e 1.35 1.0e1.5h e 0.44
MIL-101(Cr)-NIPAM composites:
46 wt% MIL-101(Cr) 720 1320 0.37 0.36 0.72 0.50
71 wt% MIL-101(Cr) 960 2030 0.47 0.42 0.96 0.44
92 wt% MIL-101(Cr) 980 2630 0.50 n.d.i

a Wt% refers to MIL amount in the composites. Quantification of the MIL content by weight percent, assumes that no MOF was lost during the synthesis:
wt% ðMIL in MIL@NIPAMÞ ¼ ðm ðweighted MILÞ=m ðMIL@NIPAMÞÞ � 100.

b S(BET) measured from N2 sorption isotherm 77 K with a standard deviation ± 20 m2 g�1 (calculated at 0.05 < P∙P�1
0 < 0.2).

c S(BET) calculated (estimated) as the sum of the mass-weighted surface areas of the MILs (MIL-100(Fe) ¼ 2140 m2 g�1; MIL-100(Cr) ¼ 1370 m2 g�1; MIL-101(Cr) ¼
2860 m2 g�1) and pure poly(NIPAM)HIPE (20 m2 g�1) from following formula: BET calc ¼ ðwt% of HIPE=100Þ � 20 m2 g�1 þ ðwt% of MIL=100Þ�
2140 ðMIL � 100FeÞ or 1370 ðMIL � 100CrÞ or 2860 ðMIL � 101CrÞ m2 g�1.

d Total pore volume V(pore) calculated from N2 sorption isotherm at 77 K (P P�1
0 ¼ 0.95) for pores � 20 nm.

e Water adsorption value measured from water sorption isotherm at 293 K (P P�1
0 ¼ 0.9).

f Water adsorption value calculated (estimated) as the sum of the mass-weighted uptakes at P∙P�1
0 ¼ 0.9 of the MILs (MIL-100(Fe) ¼ 0.70 g g�1; MIL-100(Cr) ¼ 0.65 g g�1;

MIL-101(Cr) ¼ 1.25 g g�1) and poly(NIPAM)HIPE (0.26 g g�1) from following formula: Water adsorption calc ¼ ðwt% of HIPE=100Þ � 0:26 g g�1þ
ðwt% of MIL=100Þ � 0:70 ðMIL � 100FeÞ or 0:65 ðMIL � 100CrÞ or 1:25 ðMIL � 101CrÞ g g�1 .

g Water adsorption value calculated relative to the measured BET surface area of the MIL or MIL@NIPAM composite according to following formula:
Water adsorption calculated relative to surface area ¼ ðwater adsorption measured in g g�1=SðBETÞmeasured in m2 g�1Þ½g me2� for example: for MIL-100(Fe): 0.70 g g�1/
2140 m2 g�1 ¼ 0.00033 g m�2 ¼ 0.33 � 10�3 g m�2.

h Range of water uptake capacities based on our experimental data.
i n.d. ¼ not determined.
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classification [64]. When poly(NIPAM)HIPEs are classified as “hy-
drophilic” in the literature this is based on the immersion of the
material in water for a specified time to then determine the
gravimetric water uptake, e.g., to 8000% w/w [65]. Here we have to
usewater vapor adsorption in linewith the intended application for
adsorption chillers (TDC) or adsorption heat pumps (AHP). It is
noteworthy that poly(NIPAM)HIPEs can no longer be considered
hydrophilic when it comes towater vapor sorption. Instead they are
rather hydrophobic despite the total water uptake of 0.26 g g�1 at
P∙P�1

0 ¼ 0.9 (Table 1). The water uptake of 0.26 g g�1 is reached
Scheme 1. Radical polymerization of N-isopropyl acrylamide (NIPAM) and N,N0-
methylenebisacrylamide (MBA) initiated by ammonium persulfate (APS) (x ¼ 9, 13 or
17 mol%, y1 þ y2 ¼ 91, 87 or 73 mol%, respectively).
close to the saturation pressure of P∙P�1
0 ¼ 0.9 (Fig. 8c) and such a

water uptake is also seen for water vapor sorption of active carbons
(0.3 g g�1) [66]. Yet, for the small poly(NIPAM)HIPE surface area of
20 m2 g�1 such a water uptake of 0.26 g g�1 can be considered high
and is due to pore condensation near the saturation pressure.

3.2. Embedding MIL-100(Fe,Cr) and MIL-101(Cr) into poly(NIPAM)
HIPE

Different samples of MIL@poly(NIPAM)HIPEs (in short MIL@-
NIPAM) were synthesized by simply adding pre-formed MIL pow-
ders to the poly(NIPAM)HIPE emulsion. Pre-polymerization of the
HIPE emulsion before adding MOF powders was found to be an
indispensable factor for highly porous MIL@HIPE composites (see
Supp. Info.). Without pre-polymerization pore blocking of the MOF
by monomer inclusion from the HIPE emulsion occurs [40,42].

The syntheses of MIL@NIPAM composites containing different
weight percentages of MIL, were done by a modified procedure of
pure poly(NIPAM)HIPE. Various amounts of well-ground MIL-
100(Fe), MIL-100(Cr) and MIL-101(Cr) powders were filled into
5 mL plastic syringes followed by adding specific amounts of pre-
polymerized NIPAM-HIPE emulsion (with 17 mol% MBA). After
homogenization, curing, washing and drying orange-brown MIL-
100(Fe)@NIPAM (37 and 78 wt% MIL), green (ii) MIL-100(Cr)
@NIPAM (49, 58 wt% MIL) and green MIL-101(Cr)@NIPAM (46,
71, 92 wt% MIL) materials were obtained (see Supp. Info.). Still, all
these composites shrank during drying similar to native poly(-
NIPAM)HIPE (Figs. 6a and 11a). The composites were prepared in a
cylinder-shaped syringe container. Upon drying, however, the
composite bodies shrank considerably and formed unsymmetrical



Fig. 4. (a) Bulk poly(NIPAM)HIPE (17 mol% MBA). Scanning electron microscopic images of poly(NIPAM)HIPEs with (b) 9 mol%, (c) 13 mol% and (d) 17 mol% N,N0-
methylenebisacrylamide.

Fig. 5. (a) Water sorption isotherms of native poly(NIPAM)HIPE (17 mol% MBA) (degassing conditions: 3 h, 393 K). Adsorption is depicted with filled, desorption with empty
symbols. (b) Pore size distribution curve of poly(NIPAM)HIPE (1% MBA cross-linking), from mercury intrusion measurements, adapted from Ref. [59].
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bodies. Such changes to unsymmetrical morphologies upon
polyHIPE drying are also apparent in the literature from photo-
graphs presented in Refs. [59,65,67].

The composites behave very similar in their swelling to pure
NIPAM HIPE, e.g., in liquid water they absorb water under signif-
icant volume increase. For crosslinked alginate polyHIPE a water
uptake of 8000% w/w was reported [65]. Upon drying the com-
posites shrink again. Yet, in agreement with the literature [59,65]
the swelling and shrinking is neither fully reversible in terms of
the material structure and mechanical parameters nor does it
occur under full retention of the original shape.
3.2.1. MIL-100(Fe)@NIPAM
MIL-100(Fe) embedded into poly(NIPAM)HIPE shows residual

HIPE macropores with reduced void diameters in the scanning
electron microscopic image (Fig. 6b). Octahedral MIL-100(Fe) par-
ticles with an average size of 2e5 mm are apparent, which adhere
on the HIPE surface.

Powder X-ray diffraction patterns evidence the presence of
crystalline MIL-100(Fe) in MIL-100(Fe)@NIPAM (Fig. 7a). Increasing
the weight percentages of MIL leads to sharper reflections in the
PXRD. Infrared spectra are a superposition of the individual spectra
of both components (Fig. 7b).



Fig. 6. (a) MIL-100(Fe)@NIPAM (78 wt% MIL). (b) Scanning electron microscopic images of MIL-100(Fe)@NIPAM (37 wt% MIL).

Fig. 7. (a) PXRD patterns of bulk MIL-100(Fe) and MIL-100(Fe)@NIPAM. (b) IR-spectra (KBr) of bulk poly(NIPAM)HIPE (17 mol% MBA), bulk MIL-100(Fe) and MIL-100(Fe)@NIPAM.
Square brackets highlight the characteristic, asymmetric valence n(ReCO2), deformation d(ReCO2)e and n(FeeO) bands of MIL-100(Fe) in the composite material.
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Fig. 8a presents the nitrogen sorption isotherms of poly(NIPAM)
HIPE and the MIL-100(Fe)@NIPAM composites. Embedding of MIL-
100(Fe) leads to an enhanced nitrogen uptake compared to the bulk
HIPE, but less so than could be expected from their weight percent.
Accessible micropores are evidenced in the composites through the
corresponding pore size distribution curves (Fig. 8b).

BET surface area and total pore volume of native poly(NIPAM)
HIPE with 20 m2 g�1 and 0.03 cm3 g�1 are increased in MIL-100(Fe)
@NIPAMs with 230 m2 g�1/0.12 cm3 g�1 (37 wt% MIL) and
300 m2 g�1/0.16 cm3 g�1 (78 wt% MIL) (Table 1). Based on the
weight percentages of MIL in MIL@NIPAM, the BET surface areas
can be estimated according to formula d in Table 1. The expected
values of 800 and 1650 m2 g�1 for 37 and 78 wt% MIL containing
composites indicate a high degree of MIL pore blocking effects.
Consequently, water sorption isotherms show only a slight
enhancement of water uptakes (Fig. 8c). The characteristic S-sha-
ped water uptake between 0.35 < P∙P�1

0 < 0.4 stems from the MIL
part of the composite [39].

Because of time constraints e it takes about 2 days for a full
water ad/desorption cycle to thermodynamic equilibrium e we
have only measured one cycle here for each sample. The high
water vapor ad/desorption cycle stability of MIL-100(Fe), MIL-
100(Cr) and MIL-101(Cr) has been investigated and verified before
[33,38,39]. Four cycles of loading from and release of polystyrene
colloids in aqueous solution via porous NIPAM have been reported
in Ref. [59]. Reloadings showed up to 90% of the initial loading.
Repeated polystyrene loading and release could be achieved
without apparent degradation of porous NIPAM.

3.2.2. MIL-100(Cr)@NIPAM
Powder X-ray diffraction patterns of MIL-100(Cr)@NIPAMs

indicate the unchanged, crystalline phase of pure MIL-100(Cr)
(Fig. 9a). Infrared spectra arise from the contribution of both
components (Fig. 9b).

The nitrogen sorption isotherm (Fig. 10a) of both MIL-100(Cr)
@NIPAMs composites show only a slightly increased gas uptake
compared to pure poly(NIPAM)HIPE. The MIL-100(Cr)@NIPAMs are
isotherms with a type II shape, which reflects the macroporous
behavior of the HIPE. The hystereses between ad- and desorption
isotherms refer to the presence of incorporated MIL mesopores.
Pore size distribution curves of MIL-100(Cr)@NIPAMs document
the existence of some mesopores and micropores of very poor
resolution between 12 and 18 Å (Fig. 10b).

Hence, BET surface areas and total pore volumes of pure poly(-
NIPAM)HIPE (20 m2 g�1/0.03 cm3 g�1) are only slightly enhanced in
both composites (90 m2 g�1/0.14 cm3 g�1 for 49 wt%; 150 m2 g�1/
0.17 cm3 g�1 for 58 wt%, Table 1). This is far below the estimated
values of 680 m2 g�1 (49 wt%) and 800 m2 g�1 (58 wt%), presum-
ably due to sizeable pore blocking, for example, by polymerization
in the pore mouths. Thus, water sorption isotherms of MIL-100(Cr)
@NIPAMs show little deviation from the curves for native HIPE
(Fig. 10c).



Fig. 8. (a) N2-sorption isotherms and (b) pore size distribution curves of MIL-100(Fe)@NIPAM, bulk MIL-100(Fe) and bulk poly(NIPAM)HIPE (17 mol% MBA) (degassing conditions:
3 h, 393 K). (c) Water sorption isotherms of MIL-100(Fe)@NIPAM and bulk poly(NIPAM)HIPE (17 mol% MBA) (degassing conditions: 3 h, 393 K). Adsorption is depicted with filled,
desorption with empty symbols.

Fig. 9. (a) PXRD patterns of native MIL-100(Cr) and MIL-100(Cr)@NIPAM. (b) IR-spectra (KBr) of native MIL-100(Cr), native poly(NIPAM)HIPE (17 mol% MBA) and MIL-100(Cr)
@NIPAM. Square brackets highlight the characteristic n(ReCO2) and n(CreO) and deformation vibration d(ReCO2) bands of MIL-100(Cr) in the composite material.
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3.2.3. MIL-101(Cr)@NIPAM
The scanning electron microscopic image of MIL-101(Cr)

@NIPAM (92 wt%) visualized residual, macroporous HIPE pores
with reduced void sizes compared to pure HIPE (Fig. 11b). MIL-
101(Cr) particles of octahedral morphology with sizes of
0.3e0.5 mm stick onto the surface of the NIPAM-HIPE.

As seen before, retention of the crystalline MIL-101(Cr) phase in
the composites is proven by powder X-ray diffraction patterns
(Fig. 12a) and in the IR spectra the MIL-101 bands increase in in-
tensity with percentage (Fig. 12b).
Different than seen before for the MIL-100 composites nitro-
gen sorption analyses of MIL-101(Cr)@NIPAM reveal a significant
increase of gas uptake compared to native NIPAM-HIPE (Fig. 13a).
All composite materials show microporous behavior due to the
type I shaped sorption isotherms. Furthermore, these micropores
can be evidenced by pore size distribution curves in Fig. 13b. Small
hysteresis loops indicate the presence of MIL mesopores. Experi-
mental surface areas of MIL-101(Cr)@NIPAM with 720 m2 g�1

(46 wt%), 960 m2 g�1 (71 wt%) and 980 m2 g�1 (92 wt%) are also
higher than for the MIL-100@NIPAM composites (Table 1). Thus,



Fig. 10. (a) N2-sorption isotherms and (b) pore size distribution curves of MIL-100(Cr)@NIPAM, native MIL-100(Cr) and native poly(NIPAM)HIPE (17 mol% MBA) (degassing con-
ditions: 3 h, 393 K). (c) Water sorption isotherms of MIL-100(Cr)@NIPAM and native poly(NIPAM)HIPE (17 mol% MBA) (degassing conditions: 3 h, 393 K). Adsorption is depicted
with filled, desorption with empty symbols.

Fig. 11. (a) MIL-101(Cr)@NIPAM (92 wt% MIL). (b) Scanning electron microscopic images of MIL-101(Cr)@NIPAM (46 wt% MIL).
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the water sorption isotherms of the composites show more
satisfying results in comparison to MIL-100@NIPAMs, due to
higher water vapor uptakes compared to pure HIPE over the entire
pressure range (Fig. 13c). The stepwise and S-shaped water vapor
sorption isotherms of the composites are characteristic of MIL-
101(Cr) [24,33].

Nitrogen sorption isotherms, BET surface areas and pore size
distribution curves show that embedding of MIL-101(Cr) leads to
higher porous and therefore more efficient composites compared
to MIL-100@NIPAMs. Experimental BET surface areas of MIL-
101(Cr)@NIPAM are closer to the expected surface areas in com-
parison to both MIL-100@NIPAMs (Table 1). The free and accessible
micropores in the MIL-101 composites lead to relatively high water
vapor uptakes.

The larger BET surface areas of MIL-101(Cr) compared to MIL-
100 composites, can be explained by a higher degree of pore
blocking n the latter composites. Despite pre-polymerization
poly(NIPAM)HIPE oligomers can more easily diffuse and thereby



Fig. 12. (a) PXRD patterns of native MIL-101(Cr) and MIL-101(Fe)@NIPAM. (b) IR-spectra (KBr) of native MIL-101(Cr), native poly(NIPAM)HIPE (17 mol% MBA) and MIL-101(Cr)
@NIPAM. Square brackets highlight the characteristic n(ReCO2) and n(CreO) and deformation vibration d(ReCO2) bands of MIL-101(Cr) in the composite material.

Fig. 13. (a) N2-sorption isotherms and (b) pore size distribution curves of MIL-101(Cr)@NIPAM, native MIL-101(Cr) and native poly(NIPAM)HIPE (17 mol% MBA) (degassing con-
ditions: 3 h, 393 K). (c) Water sorption isotherms of MIL-101(Cr)@NIPAM and native poly(NIPAM)HIPE (17 mol% MBA) (degassing conditions: 3 h, 393 K). Adsorption is depicted
with filled, desorption with empty symbols.
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block the smaller MIL-100 pores through filling of at least the
pore mouths through stronger capillary condensation forces. The
same phenomenon was observed for the MIL@R,F-xerogel com-
posites [42].

Among both MIL-100@NIPAM composites, surface areas of MIL-
100(Fe)@NIPAMs are closer to the expected BETs. Pore diameters of
pure MIL-100(Fe) and MIL-100(Cr) are theoretically of the same
size (25 and 29 Å), but BET surface areas show that pure MIL-
100(Fe) (2140 m2 g�1) is much more porous than pure MIL-
100(Cr) (1370 m2 g�1). The less porous MIL-100(Cr), incorporated
in poly(NIPAM)HIPE, probably also shows pronounced pore
blocking effects through higher capillary condensation forces. In
other words: Smaller pores (or materials with lower inner surfaces)
are more difficult to protect than larger pores (or materials with
higher inner surfaces) (Scheme 2).

When we compare our results to the literature, syntheses of
MOF composites with organic polymers is often accompanied with
partial pore blocking. Other MOF composites show similar differ-
ences between experimental and estimated inner surface areas.
HKUST-1, which was embedded in porous carbon monoliths, rea-
ches only 40% of the estimated BET surface areas [68]. UiO-
66@polyurethane or HKUST@HIPE achieve approximately 60% of



Scheme 2. Sequence of MIL pore protection for composite syntheses.
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the estimated values [69,70]. These values are comparable to our
MIL@NIPAM compounds.

The first report of a MOF-polymer composite was reported in
2008 with the in situ growth of HKUST-1 (Cu-BTC) in the voids of
a pre-formed monolithic, macroporous polyHIPE, from 4-vinyl-
benzyl chloride and divinylbenzene [69]. An initial hydro-
philization step of the polyHIPE by introduction of hydroxyl
groups was necessary to obtain a homogeneous distribution of
embedded MOF crystals. The HKUST-1@polyHIPE composite was
synthesized by soaking the pure polyHIPE with MOF precursor
solutions, followed by solvothermal treatment. The MOF loading
depended on the number of impregnation steps with 62.3 wt% of
Cu-BTC loading achieved after the third impregnation step with a
maximum total surface area of 570 m2 g�1 [69]. Similar HKUST-1
was grown in situ into pre-formed, macroporous, mm-sized
PAM-HIPE beads (PAM ¼ polyacrylamide), which were pre-
pared using an emulsion-templated oil/water/oil (o/w/o) sedi-
mentation polymerization technique [71]. The ratio of
HKUST:PAM could be finely adjusted by changing the concen-
tration of the HKUST precursors in the solution leading to
different HKUST-1@PAM composites with a maximum Cu-BTC
loading of 62 wt% and a BET surface area of 654 m2 g�1 (BET of
pure HKUST-1: 1075 m2 g�1). A problem was that pre-swelling of
the native PAM-HIPE beads in a solvent (without MOF pre-
cursors), prior to the MOF formation exclusively led to crystal
growth on the external surface of the beads through prevention
of diffusion into the bead interior [71].

The water adsorption value can also be related to the surface
area measured in the MIL@NIPAM composite (last column in
Table 1). The following trends became apparent: For most MIL@-
NIPAM composites the surface-based water adsorption is higher
than for the MIL alone. This is especially so for MIL-100(M)s and
shows the influence of the NIPAMmatrix with its high surface area-
based water adsorption value. Still, the MIL-100(Cr) composite has
a significantly higher surface area-based water adsorption value
than the MIL-100(Fe) composite. This is explained by the hierar-
chical contribution of the NIPAM matrix which adds significantly
with diameters >20 Å for the chromium and less for the iron
Scheme 3. Synthetic route to synthesize MIL@poly(NIPAM)HIPE (MIL-100(Fe,Cr), MIL-1
material according to the pore diameter distribution plots in Fig. 7
d and b. For the MIL-101(Cr) composite and bulk MIL-101(Cr) the
surface area-based water uptake values of 0.44e0.5 � 10�3 g m�2

are very similar and reflect the dominance of MIL-101 in the
composite material.
4. Conclusion

Pure poly(NIPAM)HIPE was obtained by an o/w emulsion using
NIPAM as main monomer and MBA as cross-linker. Different mol%
of cross-linkers were introduced into the porous polymers. It has
been shown that only the highest amount of MBA with 17 mol%
provided monolithic bodies in spite of strong shrinking effects
(Scheme 3). Nevertheless, scanning electron microscopic images
reveal the typical morphology with voids in mm range. Water
sorptionmeasurements have proven the rather hydrophobic nature
of this pure HIPE.

Pre-polymerization of the HIPE emulsions before adding the
MOF powders has turned out to be an indispensable step in syn-
thesizing highly porous composites. Various amounts of MIL-
100(Fe,Cr) and MIL-101(Cr) powders were added to the highly
pre-polymerized HIPE emulsion. Unfortunately, addition of MOF
powders did not avoid or minimize the expected shrinking effects
of the composites, also seen for pure poly(NIPAM)HIPE. The direct
route yielded composites with a maximum MOF loading of 92 wt%
for MIL-101(Cr)@NIPAM, but deformation and shrinking was
apparent in all MIL@NIPAM composites (Scheme 3).

The presence of MIL crystals in NIPAM composites was proven
by powder patterns, infrared spectra and SEM images. Yet, nitrogen
sorption studies revealed that pore blocking effects of theMIL pores
by HIPE monomers occurred to a large extent, especially for both
MIL-100@NIPAM composites.

Sorption analyses have shown that the experimental BET sur-
face areas of MIL-100@NIPAM are below the estimated surface
areas, based on the MOF weight percentages in the composites
due to large pore blocking effects of the MIL-100 pores and win-
dows by NIPAM and MBA monomers. MIL-100(Fe)@NIPAMs show
more accessible and free MIL micropores compared to MIL-
100(Cr)@NIPAMs, based on BET and pore size distribution ana-
lyses. Due to the large pore blocking effects, water sorption
measurements of MIL-100@NIPAMs reveal only slightly enhanced
water uptakes over the entire pressure range in comparison to the
pure HIPE.

In contrast, experimental surface areas of MIL-101(Cr)@NIPAMs
are closer to the estimated BETs, when compared to MIL-100(M)
@NIPAM. Pore blocking effects seem to be less pronounced,
possibly due to lower capillary condensation forces because of the
larger MIL-101 pores and windows. Water sorption isotherms of
MIL-101(Cr)@NIPAM show increased water vapor uptakes
compared to MIL-100@NIPAMs.
01(Cr)). Only MIL-100(Fe)@NIPAM and MIL-101(Cr)@NIPAM composites are shown.
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