




































































Advancement of sorption-based heat
transformation by a metal coating of highly-stable,
hydrophilic aluminium fumarate MOF†

Felix Jeremias,ab Dominik Fröhlich,ab Christoph Janiak*a and Stefan K. Henninger*b

The distinctive water sorption properties of microporous aluminium fumarate (s-shaped isotherm, narrow

hysteresis, loading >0.3 g g�1 at a relative pressure as low as p/p0 ¼ 0.3 under realistic working conditions)

permit a large advancement of MOF-based sorption heat transformation processes, especially as we

demonstrate that the favourable sorption properties are accompanied by an unprecedented cyclic

hydrothermal stability. With regard to the application of heat transformation, where unhindered heat and

mass transfer are crucial for fast ad-/desorption cycles and a high power density, the question of proper

shaping was also addressed. A 300 mm thick, polycrystalline, thermally well coupled and highly

accessible coating of microporous aluminium fumarate was deposited on a metal substrate via the

thermal gradient approach, and found to be stable for the first 4500 ad-/desorption cycles with water

vapour.

1 Introduction

Metal–organic frameworks (MOFs) receive continuous attention
due to their unsurpassed porosity and chemical variability,
which both originate from the inherent, molecular cluster-
linker concept.1 Substantial progress can be expected from their
introduction into the elds of gas storage,2,3 gas4 and liquid5

separation processes, drug delivery,6 heterogeneous catalysis7

and other applications,8 but especially for sorption-based heat
transformation purposes.

Thermally driven adsorption chillers (TDCs) or adsorption
heat pumps (AHPs) pose an alternative to traditional air
conditioners, heat pumps or condensing boilers operating on
electricity or fossil fuels. Driven by solar or waste heat, TDCs/
AHPs can help to minimize primary energy consumption. They
are based on the evaporation of coolants, preferably water, and
consecutive adsorption at a microporous material under
specic conditions.

This technology has gained more and more interest during
the last years, because it allows waste heat, which would
otherwise be simply released to the environment, to be used for

cooling applications, or stored, e.g., for heating in winter.
Additionally, the process can be operated in heat-pump mode:
as additional thermal energy from the environment can be used
for heating, less fuel is required.9–11 It is clear that the perfor-
mance, efficiency and range of use of a sorption-based heat
pump, or chiller, drastically depend on the performance of the
applied sorption material. MOFs are of high interest for the use
as adsorbents, as they can surpass classical materials like silica
gels or zeolites in terms of uid uptake capacity and also offer
the potential for tuning the microporosity and hydrophilicity
through their variable building blocks depending on the
specic heat transformation application. MOFs are being
increasingly investigated for this purpose because of their high
porosities, tunable hydrophilicities, and inherent, narrow pore
size distributions which result in a sharp loading step. However,
low hydrophilicity, insufficient hydrothermal stability and a
pricey production still impede their commercial success in this
and related elds.9,12–18

While the chemical properties of a MOF material can be
tailored to meet the specications of a particular task,19 harsh
environmental conditions and especially the presence of water
vapour oen result in irreversible structural transformations
and rapid loss of porosity especially in well-established and
examined materials: copper trimesate HKUST-1 (although it is
synthesized in aqueous solution), zinc terephthalate MOF-5,
and even zirconium aminoterephthalate H2N-UiO-66 show
framework disintegration under humid working condi-
tions.15,20,21 The decomposition process has been found to
commence at the metal-linker coordination bond in most
cases.21 The collection of better water-stable MOFs includes
many zeolitic imidazolate frameworks (ZIFs)22 and a few other
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azolate-derived compounds,16,23 MOFs based on Cr(III) (such as
MIL-101),14 or use 4th group metal clusters,15,24 some MOFs that
employ phosphonates as linkers,25 and so on. However, hydro-
thermal stability is oen achieved by hydrophobicity, which can
easily be deduced from the comparatively late rise of the water
sorption isotherm. This is the case, e.g., for many ZIFs, metal
azolate–carboxylate MOFs,26 and to some extent also MIL-101.

Suitable equilibrium sorption characteristics are a necessary
requirement for anyMOF application, but when it comes to fast,
cyclic adsorption processes, unhindered heat and mass transfer
have to be ensured as well. Hence, the MOF cannot be used as a
powder, but must be fabricated into a device. While elaborate
procedures are available for the production of custom-made, yet
low-capacity mm-lms, e.g., by means of direct or seeded
growth,27 electrochemical synthesis,28 microwave-induced29 or
self-assembled monolayer (SAM-) assisted deposition,30 results
are scarce when it comes to high-capacity, sturdy, rmly
adhering lms or membranes which are at the same time highly
accessible and thermally well coupled to the substrate. Such
lms are necessary for high-turnover applications in the eld of
gas sorption, catalysis etc., where substantial amounts of heat
have to be delivered or dissipated, with sorption-based heat
transformation being an especially challenging task for the
material because of the recurring ad- and desorption cycles
(Fig. 1).

Microporous aluminium fumarate (abbreviated as mp-AF in
this publication) keeps appearing in the patent literature since
2007,31,32 and it distinguishes from other MOFs especially by the
fact that it can be easily prepared from inexpensive reagents via
a water-based precipitation approach. This also means that at
least some water stability can be anticipated. Gas separation, H2

or methane storage, and storage and release of liquid agents
have been named as possible applications for mp-AF, for which
it may be marketed by BASF as Basolite™ A520.31,33 These facts
all point out that mp-AF can become one of the commercially

most important MOFs, but, curiously enough, publications in
scientic journals remain scarce.33,34

Structurally, mp-AF resembles MIL-53, as it also consists of
innite Al–OH–Al chains connected by fumarate linkers
(Scheme 1).35 From this comparison, a 3D structure consisting
of [Al(OH)(O2C–CH]CH–CO2)] with rhombohedral channels is
probably formed (see Fig. S8 in ESI†).31

Here, a MOF-based material with promising properties
(capacity, sorption behaviour, multi-cycle stability), and also a
method for the production of a coating on a metallic substrate
are presented. In this contribution, we demonstrate the
unprecedented water-stability and hydrophilicity of mp-AF and
fabricate this MOF into a thermally well coupled coating on
aluminium metal sheets, e.g., for use on heat exchangers in
sorption-based heat transformation applications.

2 Experimental
2.1 Synthesis of bulk-mp-AF

Although a convenient water-based precipitation approach for
the synthesis of microporous aluminium fumarate, mp-AF is
known, a different patent procedure using dimethyl formamide
as the solvent was chosen because of the alleged better reaction
control, and adaptability towards the fabrication of MOF coat-
ings.31 In a 1000 mL round bottom ask, 26.9 g (108 mmol) of
aluminium chloride hexahydrate (p.a., Merck) and 15.4 g (133
mmol) of fumaric acid ($99.5%, Carl Roth) were dissolved in
550 mL of freshly distilled dimethyl formamide ($99.5%, Carl
Roth). The turbid, yellowish mixture was stirred at 130 �C for 4
days. Aer cooling, the snow-white precipitate was ltered off
and stirred twice in redist. acetone (1 h and 24 h, 200 mL each),
and twice in redist. ethanol (1 h and 24 h, 200 mL each). The
solid was then dried in air at 80 �C. Yield: 15.4 g (90% based on
Al). IR, neat (ATR), 3385, 1593, 1471, 1419, 1212, 1152, 1005,
985, 804, 713, 694, 646, 483 cm�1 (see Fig. S4†). C4H3O5Al
(158.04) calc. C 30.40, H 1.91%; found C 30.91, H 2.82.

Fig. 1 Working principle of a sorption heat pump/chiller. (1) Working
cycle: a working fluid (typically H2O due to the high evaporation
enthalpy of 44 kJ mol�1) is evaporated at low pressure by application
of evaporation heat Qevap, and adsorbed at a microporous material,
releasing adsorption heat Qads. (2) Regeneration cycle: when the
adsorbent is saturated, driving heat Qdes is applied for desorption of
the working fluid. The vapour then condenses at a cooler, and
condensation heat Qdes is released. Energy is now stored until reini-
tiation of the working cycle. Note: low temperature (T) heat is depicted
in blue, medium T heat in green and high T heat in red. Copyright by
the Royal Society of Chemistry, reproduced by permission of the
authors of ref. 13.

Scheme 1 Probable building block in mp-AF based on the analogy to
MIL-53.
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2.2 Thermal gradient coating

2.2.1 Aluminium substrate sheet preparation. Aluminium
sheets (50 � 50 � 1.0 mm3) were sanded on both sides, etched
in sodium hydroxide solution (140 g L�1, 65 �C, 90 s), deoxi-
dized in diluted nitric acid (13%, RT, 30 s) and dried in air at 60
�C. Directly prior to use, both sheets were clamped to a custom-
made aluminium heating cartridge equipped with a surface
thermocouple,17 and the whole assembly was deoxidized again
with diluted HNO3 and carefully rinsed using water and
dimethyl formamide. The accessible surface of each sheet was
13 cm2.

2.2.2 Coating synthesis. For a typical synthesis, a solution
of Al(NO3)3$9H2O (Merck, 20.08 g) and fumaric acid (Carl Roth,
10.68 g) in freshly distilled dimethyl formamide (Carl Roth, 200
mL) was lled into a stainless steel beaker (65 mm inner
diameter) thermostated to 30 �C. Using a custom-made
aluminium heating apparatus as described in the literature,17

the Al substrate sheet was immersed into the solution and
heated to a temperature of 145 �C for 3 h. Aer cooling, the Al
sheet was carefully removed, rinsed with and soaked overnight
in DMF, then rinsed with and soaked overnight in ethanol,
nally dried in air at 50 �C. Coating yield was 147 mg (11.3 mg
cm�2) for sheet 1, 172 mg (13.2 mg cm�2) for sheet 2.

2.2.3 Protective coating. At RT, 10.0 mL of Silikophen®
P 50/300 (Evonik Industries) were dissolved in 30.0 mL of xylene
(o/m/p, technical grade). Sheet 2 was dipped into the solution,
removed aer 20 s, and dried over night at RT in air. The sample
was then tempered according to the following program (ramp
time/temperature/hold time): 60 min/50 �C/120 min; 180 min/
105 �C/120 min; 120 min/250 �C/180 min; 300 min/RT. Total
mass increase was 33.1 mg, which equals a varnish content in
the mp-AF layer of 19% assuming that the silicone resin accu-
mulates mainly at the rough mp-AF surface, not at the backside.

2.3 Analytics: procedure and instrumentation

N2 adsorption isotherms were obtained on a Quantachrome®
Nova @ 77 K, aer vac. degassing (120 �C/24 h). H2O adsorption
isotherms: obtained on a Quantachrome® Hydrosorb, aer vac.
degassing (120 �C/24 h). H2O adsorption isobars and powder
cycle stability were examined in a Setaram™ TGA-DSC-111. A
humidied argon gas ow (40 �C, 76.3% relative humidity) was
generated by a Setaram™ WetSys humidity controller and
passed through the sample chamber, while the temperature of
the sample chamber itself was varied. For multi-cycle ad-/
desorption experiments, the temperature of the sample
chamber was varied between 40 �C and 140 �C with a cycle time
of 5 h. X-ray diffractograms were acquired on a Bruker D8
Advance with DaVinci™, using a Cu anode tube at 40 kV/40 mA,
with a Ni lter and constant sample illumination spot size
(broadness: 12 mm); step size 0.02�, 1.0 s per step, Cu-Ka
radiation. A rotating sample holder was used for powders. A
MRI humidity chamber was used for controlled humidity
experiments (Fig. 2d), where a humidied N2 gas ow was
passed over the sample at atmospheric pressure. Before each
scan, the sample was allowed to equilibrate for 90 min. A
Newport stage with three axes was used for coated sheets. IR

spectra were obtained on a PerkinElmer™ SpectrumTwo FTIR
equipped with a diamond ATR unit. Multi-cycle stability tests of
coated samples: in order to investigate the adsorption/desorp-
tion cycle stability of mp-AF over 1500 and another 3000
adsorption/desorption cycles, multi-cycle experiments were
conducted in a special apparatus under pure water vapour
atmosphere (1300 Pa), where the samples were clamped to a
heating/cooling plate, with the temperature alternating between
125 �C and 20 �C for 90 seconds each. Hence, relative vapour
pressure values of p/p0 ¼ 0.006 or, respectively, p/p0 ¼ 0.55, are
generated and the main loading li of mp-AF is covered.
Microscopic images were obtained on a Keyence® VHX reec-
ted-light microscope. Scanning electron microscope images
were obtained on a FEI™ QUANTA 400 MK-II (25 kV, ET-
detector). Heat capacity of bulk aluminium fumarate was
determined using a SETARAM™ SenSys evo DSC calorimeter.
Heat conductivity and contact resistance were obtained on a

Fig. 2 PXRD of bulk mp-AF as extracted from patent literature (a), dried
mp-AF (stored at 120 �C under vacuum for 24 h (b)) and hydrated mp-AF
(stored under 100% water vapour atmosphere overnight, (c)). (d)
Reversible structural transition observed by in situ PXRD in a humidity
chamber at 313 K. See Fig. S5 in the ESI† for the individual
diffractograms.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 24073–24082 | 24075
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NETZSCH LFA 457 laser ash analysis apparatus under vacuum.
For the investigation of bulk aluminium fumarate, a pellet (Ø ¼
12.7 mm, forming pressure ¼ 13 kN) was prepared. For inves-
tigation of the coating, a 10 � 10 mm2 cut was used. Samples
were coated with graphite on both sides and dehumidied at
120 �C prior to measurement. A Cowan 2-layer approach with
regard to heat loss and pulse correction was applied. Heat
capacity and thermal conductivity of the Al substrate were
obtained from the Netzsch database, the heat capacity of the
coating was calculated from the regression function given in the
ESI.† For each temperature step, three values were taken, the
given values are calculated as the arithmetic average. The
calculation of the thermal conductivity was performed using the
Netzsch soware algorithm, which is based on the work by
Hartmann et al.36

3 Results and discussion
3.1 Bulk mP-AF

Aluminium chloride hexahydrate reacts with fumaric acid in
dimethyl formamide (DMF) at 130 �C under formation of
aluminium fumarate, [Al(OH)(O2C–CH]CH–CO2)] in high
yield. The product was veried by positively matching the
powder X-ray diffractograms of both dried and rehydrated mp AF
with the pattern given for genuine Basolite™ A520 in the
literature (Fig. 2a–c).31

3.1.1 Pore analysis and H2O adsorption behaviour. N2

adsorption analysis yielded a BET surface of SBET¼ 1021m2 g�1,
and a micropore volume of Vpore ¼ 0.48 cm3 g�1 (literature:33

SLangmuir ¼ 1000–1200 m2 g�1, see ESI† for details).
Water adsorption isotherms were acquired in a temperature

range between 298 K and 333 K, leading to a maximum water
vapour uptake of approx. 0.45 g g�1. The isotherms show a very
favorable s-shape, with a steep increase in a narrow pressure
range (p/p0¼ 0.2–0.3) (Fig. 3). The desorption hysteresis is small
compared to other, comparably hydrophilic MOFs like iron or
aluminium trimesate, MIL-100 (Fe, Al)13 or zirconium

aminoterephthalate H2N-UiO-66.15 The H2O loading of 0.45 g
g�1 correlates well to the micropore volume of 0.48 cm3 g�1

determined from N2 sorption experiments for a solvent of
density 1 g cm�3, so that the micropores are lled at high p/p0.
This points to a high uniformity and hydrophilicity of the inner
pore surface, without particularly hydrophobic sites. However,
the conditions inside a thermally driven chiller can be consid-
ered to be isobaric rather than isothermal, due to the cyclic
heating and cooling process. With the intent to simulate
conditions close to reality, adsorption isobars were acquired at a
partial water vapour pressure of 1.2 kPa (corresponding to an
evaporator temperature of 10 �C), while desorption was exam-
ined at 5.6 kPa (corresponding to a condenser temperature of
35 �C) (see Fig. 3). During adsorption, the main loading li of
mp-AF occurs at p/p0 < 0.3, permitting a medium temperature
level of approx. 30 �C. The main desorption step occurs already
between a relative pressure range of 0.4 > p/p0 > 0.25, corre-
sponding to a desorption (“driving”) temperature of as low as
65 �C – a level which can be easily produced from solar or
(surplus) district heat. These properties t excellently to the
demands typically anticipated for a thermally driven chiller.12,37

From in situ ad-/desorption PXRD analysis of mp-AF (Fig. 2d and
S5 in ESI†), we could nd evidence that the structure is
reversibly deformed during the transition. Based on the struc-
tural analogy between mp-AF (Basolite™ A520) and MIL-53, the
aluminium fumarate framework can also be assumed to be a
exible, ‘breathing’-type network adapting to guest molecules,
that is, it can assume different shapes and porosities depending
on the guest's presence or absence.35,38 In the case of water as a
guest molecule, however, the observed structural change in mp-
AF was minor (see Fig. 2).

3.1.2 Differential heat of adsorption. The specic heat of
adsorption DHads is a very important gure of merit especially
for energy transformation applications. From a set of adsorp-
tion isotherms acquired at different temperatures, DHads can be
calculated using a modied form of the Clausius–Clapeyron
eqn (1):39

dp

dT
¼ DHads

T$DVads

(1)

with the approximation that the vapour volume change upon
adsorption, DVads, can be expressed using the ideal gas law,
integration of the formula yields eqn (2):

ln
p

p0
¼ �DHads

R$T
þ c (2)

The adsorption enthalpy for a specic amount of adsorbate
can now be calculated from a dataset of different temperatures
T1, T2,., Tn, required to obtain adsorption of this amount, and
the corresponding absolute pressures p1, p2,., pn, as the points
Pn(ln(pn/p0)|1/Tn) will describe a straight line with the slope
�DHads/R. Values between isotherm data points were interpo-
lated by straight lines, and DHads was calculated over the whole
adsorption range (Fig. 4).

For the largest part of the adsorbed amount, the differential
adsorption enthalpy DHads remains constantly about 10% above

Fig. 3 Water sorption isotherms of bulk mp-AF, acquired at 25 �C
water p0 ¼ 3.17 kPa, ( ), 40 �C (p0 ¼ 7.39 kPa, ( ) and 60 �C p0 ¼ 19.95
kPa, ( ), and isobars at 1.2 kPa ( ) and 5.6 kPa ( ). Adsorption is
depicted with filled, desorption with empty symbols.

24076 | RSC Adv., 2014, 4, 24073–24082 This journal is © The Royal Society of Chemistry 2014
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the evaporation enthalpy of water, which is a value in the range
typically found for medium hydrophilic zeolites or silica
gels.11,40 This points to a uniform, comparatively hydrophilic
internal surface, with water molecules accumulating homoge-
neously along the channel walls. This behaviour differs
considerably from that of, e.g., MIL-100 or MIL-101, where
strong coordinative bonds are established between the rst
adsorbed H2O molecules and the highly polar, hydrophilic
metal ion clusters,13 but makes sense given that mP-AF does not
contain metal ion clusters, but innite Al–O–Al–O chains
running along the channel walls.

DHads drops substantially below the evaporation enthalpy of
water when the pores are almost completely lled, which means
that a simultaneous, endothermic process must take place at
this point, such as the reversible deformation of the framework
that can be deducted from the in situ PXRD measurements
(Fig. 2). Another possible endothermic process, which may be
responsible for the drop of adsorption enthalpy at high adsor-
bed amounts, which is not easy to detect, is the rearrangement
of already adsorbed water molecules towards a closer, yet
energetically less favourable conguration upon pore lling.

3.1.3 Heat capacity and conductivity. The heat capacity of
dry bulk mp-AF is between 1.05 J g�1 K�1 and 1.35 J g�1 K�1 in
the temperature range between 50 �C and 145 �C (see Fig. S3 in
ESI†). These values are in accordance with those measured for
other MOFs, where heat capacities range from 0.8 J g�1 K�1 to
1.2 J g�1 K�1.41

For the pressed pellet, the thermal conductivity in this
temperature range lies around 0.12 W m�1 K�1.

3.1.4 Multicycle water sorption stability test. A metal–
organic framework compound is oen called “water-stable”
when the powder can be recovered from water or from water–
DMF mixtures without structural change as proven by powder
X-ray diffraction.5,22,42 In the cyclic operational mode of sorption
heat transformation appliances, the sorption material is sub-
jected to numerous ad-/desorption cycles with simultaneous
cyclic thermal stress. Under these conditions, hydrothermal

stability is a crucial aspect and, therefore, has to be investigated
separately via multi-cycle ad-/desorption experiments. Under
the cycling conditions heat transfer to and from the sample is
limited. The thermodynamic water sorption equilibrium is not
completely reached within the individual cycles. Consequently,
a 20 h thermodynamic analysis cycle was run before the cycling
experiment and aer every 20 cycles the equilibrium H2O
uptake capacity of the material was determined.

Judged from the longer analysis cycles during the multi-cycle
ad-/desorption experiments in Fig. 5, the adsorption capacity
remains within the range to be expected from the volumetric
measurements: 0.37 g g�1 aer 20, 0.38 g g�1 aer 40, 0.37 g g�1

aer 60 and 0.37 g g�1 aer 80 cycles. While the framework
seems to lose approx. 6% of its weight during the rst 20 cycles,
this seems to have no impact on the sorption capacity itself. The
decrease in dry mass indicates a further activation effect due to
water sorption cycles. This post-activation phenomenon can be
explained by stepwise removing of fumaric acid, which appar-
ently could not be fully cleaved from the narrow and highly
polar channels of mp-AF by the initial washing procedure.
During cycling however, the desorbing water vapour is likely to
entrain the high-boiling, yet poorly water-soluble fumaric acid
in a way similar to steam distillation.

Fig. 4 Heat of adsorption for mp-AF–water, calculated from 298 K,
313 K and 333 K isotherms. The shaded area indicates the standard
deviation of the respective linear fits through the points P1, P2, P3.

Fig. 5 Thermogravimetric adsorption/desorption cycling experiments
for40cycles (a), andanother40cycles (b) ofbulkmp-AF. Longsegments
at the beginning, in themiddle and at the end of each experiment were
conducted to determine the equilibrium loading of the sample.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 24073–24082 | 24077
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3.2 mp-AF@Al coating

3.2.1 Coating synthesis. When performing thermal
gradient synthesis, the temperature of the solution of
aluminium nitrate and fumaric acid is maintained at 30 �C by
active chilling, only the substrate itself is heated. Due to the
arising temperature gradient, the MOF crystals form a layer
covering only the very surface, with a growth rate of approx. 100
mm h�1. Simply applying the original procedure for thermal
gradient synthesis17 to mp-AF did not yield the desired result. We
found that several parameters had to be changed in order to
obtain a sufficiently thick coating in a reasonable amount of
time.

Replacement of the Al3+-source. As chloride anions are known
to provoke corrosion of the most common metallic substrates,
e.g., copper, aluminium, and also stainless steel alloys, the
aluminium chloride used in the original synthesis procedure31

was replaced by an equimolar amount of aluminium nitrate
nonahydrate.

Increase of reactant concentration. In order to speed up layer
growth and obtain sufficiently thick layers, we doubled the
concentrations of reactants (aluminium nitrate nonahydrate
and fumaric acid) for a second run, compared to the original
procedure.

Protective lacquer. For increased mechanical stability, one
sample was additionally furnished with a protective lacquer. An
industry-standard, highly water vapour permeable silicone-
resin varnish was chosen for this purpose (Evonik Silikophen®
P50/300).

Reaction temperature. We found that it was necessary to set
the temperature of the substrate to 145 �C compared to 130 �C
for the batch synthesis in order to obtain an evenly distributed
coating. The temperature of the cooling jacket was set to 30 �C.

Under the conditions given above, a uniform coating of mp-
AF could be deposited on pretreated aluminium sheets (Fig. 6
and 7). As can be seen from the polished cross-section (see
Fig. 7d), the coating consists of a macroporous and structured
top layer with a thickness of approx. 280 mm (top-down view in

Fig. 7b). Applying moderate force, the top layer can be removed
with a spatula, exposing a denser and rmly adhering bottom
layer with a thickness of only 20 mm (Fig. 7c). Both layers consist
of crystalline mp-AF, as proven by PXRD (see Fig. S6 in ESI†).

The gravimetric density of the mp-AF coating (determined by
measuring and weighing a ake removed from the substrate) is
rcoating ¼ 0.61 g cm�3.

3.2.2 Crystal structure and multicycle stability of mp-AF
coating. From comparison of PXRD measurements of both
sheet 1 and 2 (Fig. 8) with the PXRD for bulk mp-AF (Fig. 2 and S2
in ESI†), it can be seen that the single crystalline phase within
the coating can be ascribed to mp-AF.34 The main peak at 2q ¼
10.5�, however, is comparatively more intense, which suggests
that a preferred orientation of crystallites is present. Such a
behavior is well-known for polycrystalline layers, and can be

Fig. 6 Representative image of an mp-AF@Al coated aluminium sheet.
Edges were covered by mounting clamps during coating synthesis.

Fig. 7 (a) Representative optical microscope image of the mp-AF@Al
coating in top-down view, with the top layer being removed in the
right part of the image in order to expose the bottom layer. The
different structures can be seen in (b) (SEM image of the top-down
view of the top layer) and (c) (SEM image of the top-down view of the
bottom layer), and in the polished cross-section of the whole
coating (d).
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explained by evolutionary selection (van-der-Dri growth).43

Compared to sheet 1, reections of sheet 2 are less intense,
because the sample was varnished with silicon resin.

When comparing the diffractograms of the coated sheets
before cycling, aer 1500 and aer 4500 cycles, no weakening or
broadening of the reections can be seen in both cases. In fact,
the intensity and sharpness of the reections at 2q ¼ 14.9� and
31.8� increases. This can be explained by recrystallization/
rearrangement phenomena during cycling, and also by a post-
activation procedure as described above for bulk mp-AF.

Aer 1500 and 4500 cycles, the desorption isobar for the mp-
AF coating in Fig. 9 corresponds well to the isobar acquired for
bulk mp-AF (Fig. 3). Also, the H2O capacity of 0.37 g g�1 from the
desorption isobar corresponds to the equilibrium loading in the
multi-cycle experiments of bulk mp-AF (Fig. 5). This is an
excellent water uptake value as to the best of our knowledge, so
far, no other MOF has shown such a stability towards the rst
4500 ad/desorption cycles with water vapor (cf. Fig. 8).

Sheet 2 was additionally covered with silicone resin and
features the same shape of the isotherm aer 4500 cycles, but
with a smaller relative load, due to the additional weight added
to the coating by the silicone resin (see Fig. S7 in ESI†).

3.2.3 Thermal conductivity and contact resistance of the
coating. These two parameters directly determine the dissipa-
tion of the heat of adsorption. This correlates directly to the
kinetics and hence to the performance of the nished adsorber.
The conductivity of the mp-AF@Al coating (Fig. 10) lies in a
range of 0.33 to 0.31Wm�1 K�1, which is approx. 3 times higher
than for the pressed pure Al-fumarate powder sample, despite
its slightly lower density (rcoating¼ 0.61 cm3 g�1, vs. rpellet ¼ 0.71

cm3 g�1). The high thermal conductivity of the layer can be
explained with the high uniformity of the layer and the fact that
crystallites seem to be highly intergrown (cf. Fig. 7). For
comparison, a packed zeolite 4 Å bed features a thermal
conductivity of 0.09 W m�1 K�1 when no additives are used,44

and a silica gel packing about 0.2 W m�1 K�1.45 An activated
carbon bed has a conductivity of 0.15 to 0.5 Wm�1 K�1.46 On the
other hand, the conductivity of monocrystalline MOF-5 has even
been reported as low as 0.35 W m�1 K�1.47 The comparatively
high thermal conductivity for the mp-AF@Al coating can be
traced to the highly intergrown crystals within the coated
sample (Fig. 7), so that intercrystalline heat transport is
facilitated.

The contact resistance between the MOF layer and the resin
coating is about 5.1 � 10�4 m2 K W�1 in the examined
temperature range (Fig. 10). For comparison, this value equals

Fig. 8 PXRD of two representative mp-AF@Al sheets 1 and 2, each
before cycling (a), after 1500 (b) and 4500 (c) ad-/desorption cycles
with water vapour. Sheet 2 has been covered with the silicon resin.
Insets are multiplied by the factor of 6 for better visualization. Peaks
marked with an asterisk (+) are caused by the Al substrate.

Fig. 9 Equilibrium water desorption isobars of a representative mp-
AF@Al coating after 1500 ( ) and 4500 cycles ( ). Isobars were
acquired gravimetrically under pure water vapour atmosphere, at pH2O

¼ 5.6 kPa, with 140 �C$ T$ 40 �C. Samples were degassed at 150 �C
under vacuum for 12 h prior to measurement, and loaded with water
vapour for 8 h. Adsorbed mass is based on the amount of mp-AF
coating.

Fig. 10 Thermal conductivity of mp-AF. Measurements were con-
ducted on bulk mp-AF (pellet, Ø ¼ 12.68 mm, h ¼ 1.71 mm, forming
pressure ¼ 13 kN; r ¼ 0.714 g cm�3, empty symbols) and a mp-AF@Al
coated sheet with protective layer (filled symbols). For the cp values,
the curve determined for bulk mp-AF was used in both cases (see
Fig. S3 in ESI†).

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 24073–24082 | 24079
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the contact resistance between a similar combination of mate-
rials (activated carbon pressed to an aluminium bronze surface,
but with a pressure of 1.0 MPa) and is hence a very acceptable
value for a MOF–metal interface.48

4 Conclusions

The thorough investigation of the water sorption properties of
mp-AF show that this remarkable MOF may be employed as a
promising adsorbent for heat transformation applications. The
maximumwater exchange of 0.35 g g�1 is certainly lower than in
other MOFs such as UiO-66 (ref. 15) or MIL-100,13 but it can be
fully utilized under realistic, isobaric working conditions due to
the hydrophilicity of mp-AF. The characteristic, steep s-shape of
the isotherm in a relative pressure band of 0.2 < p/p0 < 0.35 has
not been observed for other water-stable MOFs before. In this
context, mp-AF can be compared best to modern, hydrophilic,
zeotype adsorbents such as AlPO-18 or AlPO-4.40 In terms of
cyclic hydrothermal stability, mp-AF surpasses other hydrophilic
MOFs, even other aluminium carboxylates such as MIL-
100(Al).13

mp-AF can already be produced comparatively cost-efficiently
via a simple precipitation reaction. This is in contrast to, e.g.,
the template-based AlPO-18 synthesis, or various hydro-/sol-
vothermal synthesis routes required for other MOFs. mp-AF is
also free of harmful components such as heavy metals or critical
organic compounds. Aluminium salts are approved as EU food
additives (E520-523), as well as several fumarates (E365-368).

The way towards the application has been cleared further by
the successful preparation of a thick, thermally well coupled mp-
AF coating on a metallic substrate via the thermal gradient
approach, and its hydrothermal stability proven for 4500 ad-/
desorption cycles, renders this material very interesting also for
other applications such as catalysis or gas storage.

The chemically versatile C]C-bond of the fumarate linker
can be a valuable anchor for further tailoring of mp-AF by post-
synthetic modications (for example, it might serve as a
complex ligand aer hydroxylation, or directly via the p-bond
electrons). This topic should be investigated in the future, in
order to render mp-AF more versatile also for highly specic
applications.
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2002, 124, 13519–13526.

36 G. Langer, J. Hartmann and M. Reichling, Rev. Sci. Instrum.,
1997, 68, 1510.

37 Y. I. Aristov, Appl. Therm. Eng., 2012, 42, 18–24; B. B. Saha,
A. Chakraborty, S. Koyama, K. Srinivasan, K. C. Ng,
T. Kashiwagi and P. Dutta, Appl. Phys. Lett., 2007, 91, 111902.

38 J. Liu, F. Zhang, X. Zou, G. Yu, N. Zhao, S. Fan and G. Zhu,
Chem. Commun., 2013, 49, 7430–7432.

39 J. Rouquerol, F. Rouquerol and K. S. W. Sing, Adsorption by
Powders and Porous Solids, Academic Press, San Diego, 1998.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 24073–24082 | 24081

Paper RSC Advances

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
3 

M
ay

 2
01

4.
 D

ow
nl

oa
de

d 
on

 2
5/

08
/2

01
6 

19
:5

9:
43

. 
 T

hi
s a

rti
cl

e 
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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



40 S. K. Henninger, F. P. Schmidt and H. M. Henning, Appl.
Therm. Eng., 2010, 30, 1692–1702.

41 B. Mu and K. S. Walton, J. Phys. Chem. C, 2011, 115, 22748–
22754.

42 M. Kandiah, M. H. Nilsen, S. Usseglio, S. Jakobsen,
U. Olsbye, M. Tilset, C. Larabi, E. A. Quadrelli, F. Bonino
and K. P. Lillerud, Chem. Mater., 2010, 22, 6632–6640;
V. Guillerm, F. Ragon, M. Dan-Hardi, T. Devic,
M. Vishnuvarthan, B. Campo, A. Vimont, G. Clet, Q. Yang,
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Advancement of sorption-based heat transformation by a metal coating of highly-stable, 
hydrophilic aluminium fumarate MOF

Felix Jeremias,a,b Dominik Fröhlich,a,b Christoph Janiaka,* and Stefan K. Henningerb,* 

a) Institut für Anorganische Chemie und Strukturchemie, Universität Düsseldorf, 40204 
Düsseldorf, Germany
b) Department of Thermally Active Materials and Solar Cooling, Fraunhofer Institute for Solar 
Energy Systems (ISE), Heidenhofstr. 2, 79110 Freiburg, Germany

Nitrogen sorption isotherm for bulk μp-AF

Figure S1: Nitrogen adsorption isotherm of bulk aluminum fumarate (filled squares: adsorption, 
empty squares: desorption). Acquired at 77 K, after 24 h of vacuum degassing at 120 °C.

Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2014



2

PXRD comparison

Figure S2: Powder X-ray diffractograms for μp-AF from patent literature (a), for the prepared 
bulk sample in dry (b) and wet (c) condition, and the coated sheet 1 (d). All diffractograms are 

normalized to the highest reflection.

Heat Capacity of bulk μp-AF

Figure S3: Measured cp values (black) and interpolation (red), which was used for the 
conductivity measurements.



3

FT-IR of bulk μp-AF

Figure S4: FT-IR spectrum (ATR) of bulk μp-AF.



4

In-situ PXRD: Individual diffractograms 

Figure S5:  Waterfall plots of the individual diffractograms acquired during adsorption (a) and 
desorption (b). Cu-Kα radiation, 0.02°/step, 1.0 s/step.

a)

b)



5

PXRD of top and bottom layer
Part of the top layer was manually removed, ground in an agate mortar and examined by PXRD 
analysis, and the substrate with the remaining bottom layer was also examined by PXRD. 

Figure S6: PXRD (Cu-Kα) of the top and bottom layers of the thermal gradient coating. Peaks 
marked with an asterisk (*) are due to the Al substrate under the bottom layer.

Desorption isobar of the coated sheet

Figure S7: Representative desorption isobar of the μp-AF coated sheet of aluminum fumarate, 
after application of the protective lacquer and after completing 4500 ad-/desorption cycles with 

water vapor.



6

Packing diagram of MIL-53

(a) MIL-53as = MIL-53ht, large pore; (b) MIL-53lt, narrow pore

Figure S8: Section of the packing diagram of [Al(BDC)(μ-OH)], MIL-53 with a flexible, 
'breathing' network adapting to guest molecules. Each benzene-1,4-dicarboxylate ligand bridges 
between four Al atoms. The hydroxido-bridging occurs along the metal chains in the b direction. 
The channels can contain guest molecules in the as-synthesized structure (MIL-53as) (a, guest 
molecules not shown) or be empty after a thermal guest removal in the identical activated high-
temperature, large pore structure MIL-53ht. Cooling down to room temperature with adsorption 
of water from air then transforms the structure into the low-temperature, narrow pore form MIL-
53lt (b). Hydrogen atoms are not shown (CSD-Refcodes SABVOH and SABWAU).





Dalton
Transactions

COMMUNICATION

Cite this: Dalton Trans., 2014, 43,
15300

Received 25th July 2014,
Accepted 23rd August 2014

DOI: 10.1039/c4dt02264e

www.rsc.org/dalton

Multicycle water vapour stability of microporous
breathing MOF aluminium isophthalate CAU-10-H

Dominik Fröhlich,a,b Stefan Kai Henninger*a and Christoph Janiak*b

The hydrothermal stability of aluminium hydroxide isophthalate

MOF CAU-10-H was proven, under humid multi-cycling conditions.

Detailed in situ thermogravimetric measurements and in situ

powder X-ray diffraction analysis during water ad-/desorption

were used. A reversible structural change during adsorption was

detected and thereby exemplified the robustness of breathing-like

MOFs over 700 water vapour ad/desorption cycles. In combination

with high water adsorption capacity, hydrophilic CAU-10-H is

the first breathing-like MOF with a structural change which is a

promising candidate for the use in heat transformation processes.

Metal–organic frameworks (MOFs) receive continuous atten-
tion due to their high potential for various applications1 based
on their designable and high microporosity.2 With this new
generation of porous materials, significant improvements in
gas storage,3 separation processes,4 or sorption based heat
transformation applications5 are possible. Thermally driven
systems like adsorption chillers (AC), adsorption heat pumps
(AHP) or solid desiccant cooling (SDC) are gaining more and
more attention as a promising approach to energy efficient
heating and cooling.6,7 However, the relatively low stability
under non-inert conditions, especially the often poor long-
lasting water vapour stability of MOFs is a critical issue for
numerous industrial processes. With regard to the use in ACs,
AHP and SDC and their inherent sorption processes, the water
vapour stability must be guaranteed over several thousand up
to hundreds of thousand cycles. Although several MOFs are
claimed as moisture stable, stability often originates from the
hydrophobic character of the compound.8,9 Typically, water
stability tests consist of stirring the material in boiling water.10

Unfortunately, stability tests with liquid water give no clear evi-
dence regarding the use under water vapour conditions.

Whereas under liquid conditions the pores are instantly com-
pletely filled with water which remains there during the whole
process, this is not the case for cyclic water vapour sorption
processes in which pores get filled and emptied many times.
Furthermore, during water ad- and desorption processes a
phase change from gaseous to the adsorbed phase
accompanied by enthalpy exchange (heat of ad- and desorp-
tion) to and from the framework occurs. This leads to
additional energetic stress to the coordinative metal–ligand
bonds as the enthalpy of ad-/desorption is within the range of
the activation energy for ligand displacement. In addition,
pore stress due to guest–host hydrogen-bonding interactions
accompanied by a possible breathing of the framework can
occur.7 Additionally, thermal stress is applied due to heating
and cooling of the materials during the heat transformation
process for typical temperatures in the range of 20 up to
150 °C. Thus, the evaluation of the multi-cycle hydrothermal
stability is of great importance. At present, it is not clear if
‘breathing’ MOFs, which undergo a phase transition while ad-/
desorption, are sufficiently stable to withstand a large number
of gas sorption cycles in the presence of water vapour.

‘Breathing’ in MOFs refers to the motion of a flexible frame-
work adapting to guest molecules, that is, a reversible swelling
or shrinking with atomic displacements which can reach
several Å.11 The most famous ‘breathing’ MOF is MIL-53 which
adapts a large pore and a narrow pore form, depending of the
host–guest interactions.11,12 Therefore, we subjected a hydro-
philic breathing-like MOF to multi-cycling experiments with
water vapour.

Recently, the development of a series of hydrophilic alu-
minium MOFs was reported by Stock et al.13 which were tested
for their hydrothermal stability by stirring in aqueous media at
different pH values and solvothermal conditions. The micro-
porous aluminium isophthalate CAU-10-H (cf. Fig. 1) shows a
water adsorption isotherm of beneficial s-shape with the main
loading lift occurring at a comparatively low relative pressure
(0.15 < p/p0 < 0.25) (cf. Fig. 2).13 Especially for the use in heat
pump applications, the adsorption at low relative water vapour
pressure is of great interest.

aFraunhofer Institute for Solar Energy Systems ISE, Heidenhofstrasse 2, 79110

Freiburg, Germany. E-mail: Dominik.Froehlich@ise.fraunhofer.de,
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MOFs which were previously investigated for cyclic water
sorption processes, such as Cr-MIL-101 showed high absolute
water adsorption capacities albeit at a high p/p0 (>0.7) because
of their limited hydrophilicity.5 With more hydrophilic com-
pounds, the usable loading lift for AC or AHP applications
should be shifted to lower p/p0 (<0.4).

To evaluate the application oriented hydrothermal stability
towards water vapour sorption the aluminium isophthalate
CAU-10-H was synthesized according to the literature pro-
cedure by Stock et al.13 In detail, 200 mg of 1,3-benzenedicar-
boxylic acid (1,3-H2BDC, 1.20 mmol) dissolved in 1 mL of
N,N-dimethylformamide (DMF) and 800 mg Al2(SO4)3·18H2O
dissolved in 4 mL H2O were placed in a 37 mL Teflon-lined
steel-autoclave for 12 h at 135 °C. After cooling to room temp-
erature, the product was filtered and purified by washing three
times via simultaneous sonication in 10 mL of water. The
white solid was first dried for 24 h at 50 °C and afterwards acti-
vated for 24 h at 120 °C in vacuum.

Initial water adsorption isotherms where obtained on a
Quantachrome® Hydrosorb, after vacuum degassing (120 °C/
24 h) at 25 °C, 40 °C and 60 °C (cf. Fig. 2). Stability to water
was tested by in situ X-ray analysis under different humidity
conditions. Diffractograms were acquired on a Bruker D8
Advanced diffractometer, with Cu-Kα radiation, combined with
an MRI TC-humidity chamber, coupled to a humidified nitro-
gen flow generated by an Ansyco® humidifier. A diffractogram
was measured bidirectional at every 5% relative humidity (r.H.)
between 0% r.H. and 90% r.H. at a constant temperature of
40 °C (cf. Fig. 3). The short time in situ thermogravimetric
cycling test was performed on a Setaram™ TGA-DSC-111 with a
humidified argon gas flow at 40 °C (cf. Fig. 4). The sample
temperature was varied between 40 °C and 140 °C, whereas the
gas flow temperature and relative humidity was kept constant
at 40 °C and 76.3% r.H. corresponding to a water vapour
pressure of 5.6 kPa. A fixed-time procedure was used, where a
full cycle consisted of a desorption step with heating from
40 °C to 140 °C with a heating rate of 20 K min−1 followed by
an isothermal step for 90 min for complete desorption and
finally cooling down to 40 °C with 20 K min−1 where water
adsorption takes place. To keep the experiment at a reasonable
time scale, equilibrium measurements are only performed for
the first and the last cycle, holding the sample at 40 °C for
20 h. Hence the complete experiment with 100 cycles took
about 15 days. To expand the hydrothermal stress experiments
a newly developed apparatus for powders and granules was
used. Two alternating air streams are passed through the

Fig. 1 Section of the packing diagram of CAU-10-H. The structure was
redrawn with Diamond14 using the CIF-file supplied with ref. 13.

Fig. 2 Water ad-/desorption isotherm of CAU-10-H at different temp-
eratures. 25 °C adsorption , 25 °C desorption , 40 °C adsorp-
tion , 40 °C desorption , 60 °C adsorption , 60 °C
desorption .

Fig. 3 Powder X-ray diffraction (PXRD) carpet plot showing a reversible
structural change upon water ad- and desorption around 20% r.H. (red:
high intensity, yellow: middle intensity, green: low intensity).

Dalton Transactions Communication
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sample. Desorption is achieved by a hot air stream at 120 °C at
0% r.H., whereas adsorption is realized with a humidified air
stream at 40 °C and 85% r.H. The streams are controlled by
mass-flow-controllers and operated at 12 L min−1. This corres-
ponds to a total water impact of 0.4 g H2O min−1 or a water
excess of around six times compared to the maximum water
uptake of the sample with a cycling time of 20 minutes and a
sample amount of around 4 g. This allows faster cycles under
open system conditions.

The performed hydrothermal stability tests do not exactly
reproduce any particular cycle, but are a good profile of the
general underlying temperatures and humidity in open and
closed systems. Although, within closed cycle systems,
addition stress occurs due to the vacuum or low vapour
pressure, we assume that the main weakness is due to the
coordinative metal–ligand bonds, which must withstand the
repetitive hydrophilic attack of water. This is reflected by the
chosen test conditions as a good first approximation.

The specific surface area of CAU-10-H is SBET = 525 m2 g−1

(635 m2 g−1 in ref. 13) with a pore volume of 0.27 cm3 g−1

(0.25 cm3 g−1 in ref. 13). The volumetric water sorption iso-
therms show a sigmoidal shape with a steep rise at a low rela-
tive pressure (0.15 < p/p0 < 0.25) (Fig. 2). Adsorption and
desorption isotherms were measured at 25 °C, 40 °C and
60 °C. Nearly no hysteresis was observed at 25 °C and 60 °C in
our water sorption experiments. However, a slight difference
between the adsorption and desorption path for the isotherm
measured at 40 °C is visible, which can be directly related to
the corresponding phase transition visible within the PXRD
experiments.

The diffraction patterns of the in situ PXRD at 40 °C show a
significant structural change at the step from 15 to 20% r.H.
(cf. Fig. 3). At this point the positions and the ratio of the
intensity of the major reflections change. This can be attribu-
ted to a structural change, akin to breathing effects with water
as guest molecule similar to MIL-53.15 The shifts in the reflec-
tions at about 20% r.H. correspond to the steep water uptake
in the adsorption isotherm. As saturation is achieved at a rela-
tive pressure of 25% r.H. the structural change is complete.

Upon desorption the structure changes back to the initial state
at 20% r.H. This coincides excellent with the desorption path
of the isotherm, where desorption starts at the same r.H. of
p/p0 = 0.2 (Fig. 2). This supports the assumption, that the
structural change during ad- and desorption of water is a com-
pletely reversible process and structural integrity and crystalli-
nity is preserved. Thus, a good hydrothermal stability for the
use in cyclic water sorption applications can be expected.

Based on the good results of the in situ PXRD analysis,
hydrothermal stability was evaluated by short time in situ
thermogravimetric cycling tests in a humid atmosphere, as
described above (cf. Fig. 4). In these experiments, long equili-
bration times are often needed, because the heat and mass
transfer to the sample is limited by thermal coupling and geo-
metry of the crucible. After 100 ad-/desorption cycles, there was
no visible change in adsorption dynamics, also the dry weight
remained constant. The adsorption capacity remains constant
before and after cycling with an uptake at the thermodynamic
equilibrium of 0.34 g g−1 (Fig. 4 before day 1 and after day 15).

To expand the stability testing CAU-10-H was also exposed to
a high excess of water, with a rapid humid gas flow as described
above. After 700 ad-/desorption cycles the material was removed
and analysed again by PXRD. As can be seen in Fig. 5 no irre-
versible structural change or degradation was observed.

Conclusions

The MOF CAU-10-H exhibits a fully reversible structural
change like a ‘breathing’ effect upon water ad- and desorption.
The water adsorption characteristics of CAU-10-H show a high
hydrophilicity with a steep and characteristic s-shaped adsorp-
tion isotherm already at a low relative humidity around
p/p0 = 0.2.

With regard to possible applications in sorptive heat trans-
formation processes, hydrothermal stability was tested by
short and long-term cycle tests. Even after 700 ad-/desorption
cycles, no degradation of crystallinity was observed, despite
considerable phase transition activity of the material.

Fig. 4 Thermogravimetric cycling test of CAU-10-H at constant
humidity.

Fig. 5 Powder X-ray diffractogram of activated sample (a) and after 700
water sorption cycles (b), both recorded under dry conditions.
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It is important to note that the hydrothermal stability of
CAU-10-H unlike other MOFs such as ZIF-8 is not achieved by
hydrophobicity as CAU-10-H is a hydrophilic MOF.

In summary, the advantageous adsorption characteristics
combined with an exceptional hydrothermal stability render
the CAU-10-H material suitable for the use in thermally driven
heat pumps, chillers or dehumidification applications.
Although boundary conditions vary strongly with the specific
application closed versus open AC/AHP, cooling versus heat
pump or dehumidification (SDC), the initial multicycle water
vapor stability has been proven by this contribution. Thus,
corresponding tests which are closer to specific application
conditions may now follow.
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Water adsorption behaviour of CAU-10-H:
a thorough investigation of its structure–property
relationships†

Dominik Fröhlich,ab Evangelia Pantatosaki,c Panagiotis D. Kolokathis,c Karen Markey,d

Helge Reinsch,e Max Baumgartner,a Monique A. van der Veen,f Dirk E. De Vos,d

Norbert Stock,e George K. Papadopoulos,cg Stefan K. Henninger*a

and Christoph Janiak*b

Aluminium isophthalate CAU-10-H [Al(OH)(benzene-1,3-dicarboxylate)]$nH2O exhibits water adsorption

characteristics which make it a promising adsorbent for application in heat-exchange processes. Herein we

prepared a stable coating of this MOF and evaluated its long-term stability under closed-cycle conditions

for 10 000 water adsorption and desorption cycles, which are typical lifetimes for adsorption heat storage

(AHS) applications. No degradation of the adsorption capacity could be observed which makes CAU-10-H

the most stable MOF under these humid cycling conditions reported until now. Moreover, thermophysical

properties like thermal conductivity and heat of adsorption were directly measured. In order to identify the

structural features associated with the adsorption behaviour, the structural differences between the dry and

the water loaded CAU-10-H were studied by Rietveld refinements and second harmonic generation (SHG)

microscopy. The observed transition of space group symmetry from I41 to I41/amd between the humid and

dry forms is induced by the adsorption/desorption of water into/out of the MOF channels. This originates

from a torsional motion around the C–C bond between the carboxylate groups and the aromatic ring in

half of the linker molecules. These observations are in excellent agreement with molecular dynamics

simulations which confirm the energetic benefit of this transition.

Introduction

Metal–organic frameworks (MOFs) have been extensively
studied with regard to various potential applications.1 Due to

their high porosity, they hold promise as storage and release
adsorbents.2 Their variable composition and tunable surface
chemistry3 make these solids interesting materials for catal-
ysis.4 MOFs have as well been incorporated into sensing
devices.5 A possible application which came into focus, because
of the promising application, is the use of MOFs as adsorbents
in adsorption heat transformation, i.e., adsorption heat pumps
(AHPs) and adsorption chillers (ACs).6–8

For a good performance of AHPs or ACs, the (water) vapor
uptake should occur in a pressure range between 0.1 and 0.4 p/
p0. The adsorption capacity should be higher than 0.2 g g�1 with
a steep adsorption step and a small hysteresis for not losing
sensible heat. The regeneration temperature should not be
higher than 120 �C and cycle stability under these adsorption/
desorption conditions should guarantee a material lifetime of
several years.

Compared to classical compression chillers, adsorption
systems are thermally driven. By the adsorption into a porous
material the working uid is removed from the gas phase and
subsequently evaporation from the liquid reservoir takes place.
Hence, in analogy to an electrically driven compressor used in
refrigerators it can be seen as a “thermal compressor”.9–11 In
order to remove the working uid from the porous material,
heat is used as driving energy. Compared to absorption systems
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(e.g. salt solutions), low temperature heat can be used in
adsorption systems.12 By the use of recently developed MOFs as
porous materials, driving temperatures below 75 �C seem to be
manageable, thus allowing access to lower energy driving
sources. However, while several compounds were investigated
regarding their water vapour sorption characteristics,8,13–20 it
was also observed that only very few materials withstand the
harsh conditions imposed during repeated water adsorption
and desorption cycles, which is a prerequisite for their appli-
cability.7,20 Long-term multi-cycle water stability is mainly
observed for MOFs of the MIL-series.14–19,21 For example,
aluminium fumarate can be subjected to 4500 adsorption/
desorption cycles without decomposition.22 Another MOF
showing promising stability is the aluminium isophthalate
CAU-10-H (Fig. 1); it shows a small reversible structural change
during adsorption and no loss in crystallinity or porosity aer
700 water vapour adsorption/desorption cycles.23 Remarkably,
both materials are based on innite chains of AlO6-octahedra
and exhibit square shaped one-dimensional channels.24,25 The
underlyingmechanism and the structure dependence caused by
the adsorption of guest molecules are not yet fully understood.
With regard to the intended application in a sorption chiller or
a heat pump, further investigations need to be conducted,
namely shaping and further stability tests under a closed water
vapour atmosphere, accompanied by evaluation of the ther-
mophysical properties.

Thus, herein we report a detailed analysis of this promising
MOF including heat capacity (cp), thermal conductivity and
long-term stability measurements, as well as further structural
analysis by means of in situ powder X-ray diffractometry (PXRD)
during water adsorption studies, Rietveld renement and
second harmonic generation microscopy. Experimental inves-
tigations are complemented by molecular simulations in order
to understand the structural transition and structure–property
relationships.

Furthermore, we present an appropriate binder based
coating of CAU-10-H on a metallic layer, which has been
exposed to an application-oriented multi-cycle water adsorp-
tion/desorption test of 10 000 cycles, which is to the best of our

knowledge currently the highest water vapour sorption cycle
number a MOF has successfully withstood.

Experimental
Sample preparation

CAU-10-H was synthesized and activated according to an
adapted literature procedure24 using Al2(SO4)3$18H2O as the
metal source (Bernd Kra) and isophthalic acid (Aldrich
Chemistry). In contrast to the standard procedure, a round
bottom glass ask has been used to prepare larger amounts of
CAU-10-H (see ESI† for details).

Coatings were prepared following a previously published
procedure,26 slightly modied and adapted for use with CAU-10-
H. 2.085 g of dehumidied CAU-10-H weremixed with 1.408 g of
Silikophen® P 50/300 and 6.437 g of xylene. The resulting
dispersion was stirred and homogenised in an ultra-sonic bath
for 20 min. Subsequently, the dispersion was manually applied
with a pipette on 50 � 50 mm2 aluminium plates (AlMg3 alloy).
Aer drying at RT, the coated plates were heated to 200 �C and
cured at this temperature for 2 h. The achieved coating has
a mass of 0.253 g with a thickness of approximately 300 mm (see
Fig. S1 and S2 in the ESI† for SEM images of the coating).

Characterization

Pore volume and surface area. The pore volume and surface
area were obtained by N2 adsorption isotherm analysis per-
formed on a Quantachrome® Nova at 77 K, aer vacuum
degassing (120 �C/24 h).

Powder X-ray diffraction (PXRD) analysis. Powder X-ray
diffraction (PXRD) analysis was performed on a Bruker D8
Advance diffractometer with DaVinci™ design, using Cu-Ka
radiation from a Cu anode tube at 40 kV/40mA with a Ni lter in
Bragg Brentano geometry. An MRI TC-humidity chamber,
coupled to a humidied nitrogen ow generated by an Ansyco®
humidier, was used for controlled humidity and in situ PXRD
cycle experiments. An XYZ Newport stage was used for coated
sheets.

In situ PXRD. In situ PXRD cycle experiments were done with
the sample held at 40 �C and cycled between a wet (40% r.H.)
and dry (0% r.H.) nitrogen ow. Aer every cycle, the powder
diffractogram was recorded.

High-resolution PXRD data for Rietveld renement. High-
resolution PXRD data for Rietveld renement were acquired
from samples which were loaded into capillaries and sealed
either under ambient conditions (hydrated form) or sealed aer
evacuation at 0.1 mbar and heating to 200 �C (dry form). The
data were collected using a STOE Stadi-P diffractometer
equipped with a Mythen detector using monochromated Cu
Ka1 radiation. The soware used for indexing and renements
was TOPAS.27 The structural data for this paper have been
deposited with the Cambridge Crystallographic Data Center
(CCDC-numbers 1454066 and 1454067).

In situ second harmonic generation (SHG) microscopy. In
situ second harmonic generation (SHG) microscopy was used to
study structural phase transitions upon desorption and

Fig. 1 PXRD patterns of CAU-10-H after coating (red), after 10 000
cycles (blue). For comparison, the simulated PXRD pattern of the
hydrated structure is shown (black).
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adsorption. A customized inverted wide-eld Olympus micro-
scope which is described elsewhere28,29 coupled to a femto-
second pulsed InSight DeepSee laser operating at a wavelength
of 800 nm was used. For the in situ adsorption and desorption,
a RH95 Linkam Humidity controller was mounted on the
microscope.

Water adsorption characteristics. Water adsorption charac-
teristics were measured as isotherms and isobars using
a custom-built Rubotherm thermobalance with enhanced
measuring load and cell geometry to allow measurements on
coated samples (for details see ref. 26).

Hydrothermal cycle stability. Hydrothermal cycle stability
was investigated by short cycle experiments under isobaric
conditions (5.6 kPa H2O vapour) between 140 �C and 40 �C
within the Rubotherm thermobalance. This allowed the in situ
detection of possible initial degradation during the rst cycles.
Advanced long term hydrothermal stability to 10 000 full cycles
was acquired within a custom-made closed cycle apparatus,
consisting of a vacuum chamber under a pure water vapour
atmosphere of 1.2 kPa. The samples are xed on a heat
exchanger plate connected to an alternating ow of hot and cold
water in order to enable heating at 120 �C and cooling at 20 �C
within 90 seconds.

Prior to and aer the treatment, the water uptake of the
samples at 40 �C and 5.6 kPa was measured within the ther-
mobalance to identify possible loading degradation.

Computer modelling

The unit cell of CAU-10-H was calculated by means of the PXRD
data to obtain the fractional coordinates and their occupancy
probabilities. Then, implementation of the symmetry opera-
tions of the I41/amd crystallographic space group led to the nal
unit cell atomic coordinates. Molecular dynamics (MD) simu-
lations were conducted on both the dehydrated and water-
loaded CAU-10-H up to 20 ns at 300 K in the isothermal
constant-stress ensemble (N, S, T) to account for the sorbent
cell's volume and shape uctuations according to a combina-
tion of the isenthalpic constant-stress method of Parrinello and
Rahman,30 and the thermostat algorithm of Nosé.31 However,
results based on the Andersen conventional isobaric algo-
rithm,32 wherein only the pressure tensor is taken into account,
namely crystal transformations remain inhibited, are also pre-
sented in the ESI† for comparison. The calculated structure was
modelled as a fully exible framework; the parameters for the
potential functions are detailed in the ESI.† Furthermore,
regarding the particular mobility of the ligands of the material,
two model options were tested: a stiff version by imposing
torsional potentials on them, and another one enabling quasi-
free rotation around the C–C bonds of the linker carboxylate
groups (Fig. S5 in ESI†). However, only the latter version
predicts the structural transition of the CAU cell upon water
adsorption; also, it captures the linker dynamics upon water
adsorption with respect to the second harmonic generation
(SHG) microscopy experiments of this work. Although the scope
of the modelling work of this article is not the derivation of
a strict force eld for this sorbent, one could conclude that

a realistic representation for its linkers denitely opts for ex-
ible states. The guest water interactions were described by the
SPC/E model.33 The water model was kept rigid by constraining
the two bond lengths and the angle between them by means of
the SHAKE34 algorithm.

Results
Water uptake and stability characteristics under closed
system conditions

Coating preparation was successful as the crystal structure of
CAU-10-H is preserved, as proven by PXRD measurements
(Fig. 1). Furthermore, the sample showed good accessibility for
water, as the maximum water uptake of the coated sample was
determined at 0.26 g g�1 (g water per g of coating (CAU-10-H +
binder)) at p/p0 ¼ 0.76 (Fig. 2).

This corresponds approximately to 76–79% of the maximum
pure powder capacity (i.e. 0.33–0.34 g g�1) at maximal loading.
This is in good agreement with the MOF content of approxi-
mately 76 wt% within the coating calculated from the initial
composition. Thus, it can be concluded that the coating
formulation does not impede the accessibility of the
micropores.

With regard to hydrothermal stability, cycle experiments
were rst performed in the thermobalance, as strong degrada-
tion of MOFs typically occurs during the initial cycles.22 Thus,
the coated samples were tested under closed-system conditions.

A very small degradation is visible in these 7 cycles, as shown
in Fig. 3. The maximal water sorption capacity in the beginning
is 0.264 g g�1 whereas aer 7 cycles 0.261 g g�1 is observed. The
total capacity loss amounts to 0.003 g g�1, 2.3%. In addition, the
dry mass decreases from 0.253 g to 0.252 g which leads to a very
small loss of 0.001 g or 0.4%. This can be attributed to a small
rearrangement in the crystal or occupation of active sites by
water which is then bound too strong to free these sites under
cycle conditions. Also the loss in dry mass could be due to the
sublimation of unreacted linkers under cycle conditions. This
effect is stabilized aer some cycles.

Following these very promising initial results, the sample
passed 10 000 water adsorption/desorption cycles in the

Fig. 2 Water desorption isobar at 5.6 kPaH2O of CAU-10-H powder
(red) and coated AlMg3-plate (black).

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 11859–11869 | 11861
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custom-made cycle test rig. In contrast to the thermobalance,
this setup does not allow an in situ determination of the water
uptake. Thus, the uptake capacity was measured aer 1000,
5000 and 10 000 cycles within the thermobalance. No loss of
uptake capacity, within the measurement error, was observed
(see Fig. 4).

In addition, the powder X-ray diffractogram before and aer
10 000 adsorption/desorption cycles showed that all reections
are preserved and no change in crystallinity is visible (Fig. 2).

In situ PXRD structural stability investigation upon water
adsorption/desorption

With regard to the known structural change upon adsorption of
guest molecules, especially water, adsorption/desorption
experiments were conducted under in situ PXRD observation
(Fig. 5). Aer 20 cycles, there are no changes in the PXRD
pattern; the reections of the material show the same intensity
as those of the fresh powder. In addition, no increase of
amorphous background is visible.

These results are in line with the cycling results by ther-
mogravimetry leading to the conclusion that there is no
degradation of the material.

Rietveld renements of the wet and dry structures

The in situ measurements at different relative humidity values
unambiguously prove a phase transition between the known
non-centrosymmetric form of CAU-10-H and a not yet reported
dry, centrosymmetric conformation. Although the structure of
hydrated CAU-10-H has been reported previously, the structure
was revaluated since better PXRD data could be obtained. In the
light of these results, high-resolution PXRD data were analyzed
and crystal structures of the dry and wet forms were obtained by
Rietveld renement, taking also into account the results of
SHG-microscopy (see below). For details on the experimental
procedure, please see ESI.†

The most relevant parameters of the renement are
summarized in Table 1. The asymmetric units, relevant bond
distances and the nal Rietveld plots are given in the ESI.†

In situ SHG structural transition observation upon water
desorption and adsorption

Using Second Harmonic Generation (SHG) microscopy, non-
centrosymmetric to centrosymmetric transitions can be
observed, as only non-centrosymmetric crystals generate an
SHG signal, whereas centrosymmetric structures cannot.35 To
study the effect of guest water molecules on the crystal struc-
ture, the SHG intensity of CAU-10-H was recorded in situ upon
variation of relative humidity. Fig. 6 shows clearly that a phase
transition occurs upon adsorption and desorption of water. The

Fig. 3 In situ hydrothermal cycles of the CAU-10-H coatings under
a pure water vapour atmosphere at 5.6 kPa. The sample was thermally
cycled between 40 �C and 140 �C. Loading in blue and temperature in
red.

Fig. 4 Comparison of the uptake capacity prior to cycle treatment,
after 1000 and after 10 000 adsorption/desorption cycles.

Fig. 5 20 adsorption (blue)/desorption (red) cycles of CAU-10-H with
in situ XRD observation. For clarity, only the first 3 cycles and last 3
cycles are shown.

Table 1 Final parameters of the Rietveld refinements

CAU-10-H -H2O -dry
Space group I41 I41/amd
a ¼ b [Å] 21.2928(4) 21.5214(7)
c [Å] 10.7305(3) 10.3218(4)
V [Å3] 4865.0(2) 4780.7(4)
RWP/% 6.8 4.3
RBragg/% 3.2 0.6
GoF 1.54 1.03
Wavelength Cu Ka1 Cu Ka1

11862 | J. Mater. Chem. A, 2016, 4, 11859–11869 This journal is © The Royal Society of Chemistry 2016
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centrosymmetric to non-centrosymmetric phase transition sets
in at 20% relative humidity. This value corresponds to the water
adsorption starting point on the adsorption isotherm, as re-
ported by Reinsch et al.24 Therefore, it can be concluded that
adsorbed water molecules cause the structure to be organized
non-centrosymmetrically, whereas the absence of H2O leaves
the structure centrosymmetric.

Structure description

The framework structure of CAU-10-H is formed by the inter-
connection of fourfold helical chains of cis-corner sharing
{AlO6} octahedra by isophthalate linker molecules (1,3-benze-
nedicarboxylate). Four oxygen atoms in each polyhedron origi-
nate from four different coordinating carboxylate groups while
two cis standing hydroxide ions induce the helical shape of the
inorganic building unit. The organic moieties connect each
chain to four adjacent inorganic units and thus square shaped
one dimensional channels are formed (Fig. 7).

Adjacent chains in the framework exhibit different orienta-
tions; thus, half the helices are 41 helices while the other half
represents 43 helices. Due to the high symmetry of the structure,
all linker molecules are arranged in an identical fashion. They
are arranged pairwise with centroid–centroid distances between
the aromatic rings of 3.62(2) Å, indicating p-stacking interac-
tions between the aromatic moieties. The resulting minimum
diagonal distance of the channels based on the vdW-radii of the
framework is thus approximately 3.6 Å.

Upon dehydration/rehydration, no bonds are broken and the
observed phase transition can be attributed to conformational
changes which result from coordination of water molecules.
The differences in the crystal structures and, thus, in space
group symmetry are due to slight rotations around the C–C
bond of the carboxylate groups. These torsions are much
stronger in the hydrated form compared to the dry form.
Although the accuracy of the rened structure is limited due to
the absence of single crystal diffraction data, this can be well
observed in the rened crystal structures. In the structure of

CAU-10-H, only half a linker molecule is present in the asym-
metric unit and the averaged value for the O–C–C–C torsion
angle is 13.5�. In the crystal structure of CAU-10-H-H2O (Fig. 8),
two complete linker molecules are present in the asymmetric
unit. For one of the molecules, this angular tension is appar-
ently relaxed and O–C–C–C torsion angles with average values of
14.3� and 2.5� are observed. The other linker molecule is more
stressed than in the dry state and the O–C–C–C angles amount
up to 33.5� and 33.8�. These latter linker molecules also point
more strongly into the framework channels narrowing their
minimum distance from 3.6 Å to only 2.4 Å. This is also
accompanied by the slight tilting of the inorganic building units
around their symmetry axis.

This structural change is induced by the adsorption of water
molecules. These are found close to the bridging OH-groups
(shortest O–O distance 2.80(2) Å and 2.94(2) Å) but also close to
coordinating carboxylate oxygen atoms (2.85(2) Å and 2.95(2) Å).

Fig. 6 In situ SHG intensity measurement at 26 �C of CAU-10-H with
increasing relative humidity of H2O (adsorption branch, solid line) and
subsequent decreasing relative humidity of H2O (desorption branch,
dashed line).

Fig. 7 Structural elements in CAU-10-H dry: (a) extended asymmetric
unit with full Al coordination spheres and full ligand bridging mode.
Symmetry transformations (i)¼ 1� x, y, z; (ii)¼ x,�y,�z; (iii)¼ 0.25 + y,
0.25 � x, �0.25 + z; (iv) ¼ 0.25 + y, �0.25 + x, 0.25 � z; (v) ¼ 0.25y,
�0.25 + x, 0.25 + z. (b) The inorganic building unit, a fourfold helical
chain of cis vertex-sharing AlO6 polyhedra winding around the four-
fold axis (yellow line). (c) The 3D framework structure exhibiting square
shaped one dimensional channels.
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Several other close proximities can be observed between the
guest molecules inside the pores (for details see ESI†). These
structural changes affect the unit cell parameters and upon
hydration the unit cell volume is increased byz1.7% due to an
anisotropic expansion. While the a and b parameters decrease
upon hydration from 21.52 to 21.29 Å, the c axis is expanded
from 10.32 to 10.73 Å.

Thermophysical characteristics

Heat capacity and conductivity of the coated material. The
heat capacity and conductivity of CAU-10-H have been

measured for the powder as pressed pellets and for the coated
sample (Fig. 9).

The heat capacity for the pure powder is in the range of 1.3 J
g�1 K�1 at RT up to 1.7 J g�1 K�1 at 150 �C, which is higher
compared to the reported literature data for MOFs.22,36,37 The
thermal conductivity has been determined to be 0.08 W m�1

K�1 and the diffusivity to be 0.07 mm2 s�1 showing the char-
acteristics of a porous material. These values are lower for the
coated sample, with a heat capacity of 1.25 J g�1 K�1, a thermal
conductivity of 0.03 W m�1 K�1 and a diffusivity of 0.05 mm2

s�1. This is probably because the binder lowers the thermo-
physical characteristics of the coated material compared to the
pure material.

Heat of adsorption. The isosteric heat DH was calculated
from the adsorption isotherms reported by Fröhlich et al.,23

using the Clausius–Clapeyron equation,38

DH ¼ �R
dlnðpÞ
dð1=TÞ

where R is the universal gas constant, p is the numerical value of
the equilibrium pressure and T is the temperature in K.

For the calculation, the three isotherms were transformed
into a form with the relative loading in mol H2O over absolute
pressure in Pa. The loading of the rst isotherm was split into
1000 steps. For each step, pressures of the three isotherms with
the same loading were calculated using linear interpolation
between the measurement points, resulting in a list with 1000
loadings and the corresponding three pressures. For every step,
the natural logarithm of the three pressures was plotted against
the reciprocal temperatures of the isotherms 1/T, and a linear t
between the points was made. The slope of this straight line is
DHads/R. Fig. 10 shows the calculated heat of adsorption and
desorption against the loading in g g�1. DHads starts at
approximately 56 kJ mol�1 at low loadings, with a plateau of
slightly over 50 kJ mol�1 between 0.06 and 0.28 g g�1, and falls
under the evaporation enthalpy of H2O when capillary pore
condensation begins. The calculated heat of desorption DHdes

shows a similar shape with higher values between 60 kJ mol�1

Fig. 8 Structural elements in CAU-10-H H2O: (a) extended asym-
metric unit with full Al coordination spheres and full ligand bridging
mode. Symmetry transformations (i)¼ 0.5� y, x,�0.25 + z; (ii)¼ 0.5�
x, 0.5 � y, �0.5 + z; (iii) ¼ y, 0.5� x, 0.25 + z; (iv) ¼ 0.5 � x, 0.5 � y, 0.5
+ z; (v)¼ 0.5 + y, 1� x,�0.25 + z; (vi)¼ 1.5� x, 0.5� y,�0.5 + z; (vii)¼
1 � y, �0.5 + x, 0.25 + z; (viii) ¼ 1.5 � x, 0.5 � y, 0.5 + z. (b) The
inorganic building unit, a fourfold helical chain of cis vertex-sharing
AlO6 polyhedra winding around the fourfold axis (yellow line). (c) The
3D framework structure exhibiting square shaped one dimensional
channels. Crystal water molecules are omitted for clarity.

Fig. 9 Diffusivity in mm2 s�1 (black), thermal conductivity in Wm�1 K�1

(red) and heat capacity in J g�1 K�1 (blue) of CAU-10-H (solid line) and
coated CAU-10-H (dashed lines).
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and 52 kJ mol�1 between 0.03 and 0.28 g g�1. The decrease in
DHads above 0.28 g g�1 is due to a change from adsorption to
pore condensation. The rise in DHads before 0.03 g �1 is
accounted by uncertainties in the measurement.

Molecular dynamics computer simulations

The simulated IR spectrum of CAU-10-H was computed by
means of the Fourier transform of the correlation function of
the dipole moment vectors40 using the quasi free modelling for
the linkers; the latter option proved to be in acceptable agree-
ment with the experimentally measured spectrum (Fig. S9†).
Details on adapting the Dreiding generic force eld to this
sorbent with respect to the experimental spectrum and the
derivation of the partial charges of the host atoms are given in
the ESI.†

The molecular dynamics revealed a “apping”motion of the
benzene rings around the C–C bonds of the linker carboxylate
groups (Fig. S5†), thus taking conformations between two
extrema with the one being almost parallel (state I) and the
other being vertical (state II) to the channel axis, so that
conformations of the linkers approaching the state I or II can
widen or narrow, respectively, the effective path-width of the
channels.

In Fig. 11, the correlation probabilities between the dihedral
angles 41 and 42 denoting the motion of the carboxylate group
relative to the aromatic ring (Fig. S5†) are presented, over the
total number of ligands (sixteen ligands per unit cell), for both
the bare and water-loaded materials at 0.032 and 0.303 g g�1. It
is shown that in the dry material the most probable confor-
mations are achieved when the aromatic rings tend to lie almost
parallel along the z-direction. It is worth mentioning that
simulation can predict a spectrum of angle values in addition to
the experimentally measured average of 13.5�.

The above situation changes gradually upon water adsorp-
tion, in the sense that the increasing guest concentration gives
rise to two distinct sets of conformations between the vicinity of
states I and II separated by a lower probability region, thus
forming a free energy barrier of about 3kBT, where kB ¼ 1.3806
� 10�23 J K�1 is the Boltzmann constant; presumably this is

a consequence of steric hindrance phenomena at higher load-
ings up to saturation. Furthermore, the Gibbs free energy
prole, G(4a), a ¼ 1, 2, shown in the same gure for the rst
dihedral, was calculated over a sequence of angles between
states I and II by

G(4a) ¼ �kBT ln[r(4a)/r] + const

where

rð4aÞ ¼
Ð
dð4a � 4oÞexp

h
� �

V ðrNÞ þ PV
��
kBT

i
drNÐ

exp
h
� �

V ðrNÞ þ PV
�
=kBT

i
drN

The vector rN constitutes the sampled congurational space
through the set of N total degrees of freedom for the system
guest plus host. The above ratio is actually a mean value of

Fig. 10 Isosteric heats: calculated from experimental adsorption (solid
line) and desorption (short dashed line) isotherms and computed
duringMD simulations (see text below and red points); the long dashed
line points to the evaporation enthalpy of H2O at STP.39

Fig. 11 MD calculations: correlation probabilities of the dihedral
angles 41 and 42 for the CAU-10-H ligands attaining two conformation
extrema (top), for the dry (middle), and the water-loaded material at
0.303 g g�1 (bottom); Gibbs free energy profile of the transition I to II
(most bottom).
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a delta distribution, sampled over the states of the (N, P, T)
ensemble under the prescribed pressure, P (loading), and T,
therefore dening the probability density, r(4a), a ¼ 1, 2, of
having a ligand conformation at the angle 4o, with dimensions
[rad�1]; this quantity is normalized by the uniform probability
density, r ¼ 1/u, over the totally sampled angle, u, so that to
become dimensionless in the logarithm.

The MD simulations in the N, S, T ensemble by means of the
quasi free ligand version predict an anisotropic structural
transition of the unit cell upon water adsorption. In particular,
the unit cell contracts in the [100] and [010] directions and
expands at the same time in the [001] direction, resulting in
a volume increase of approximately 1.9% close to saturation.
This nding may be attributed to the aforementioned ligand
preferred conformation with increasing water loading. The
average unit cell edges were calculated for the water uptakes of
0.005, 0.011, 0.022, 0.032, 0.065, 0.151, 0.216, 0.281, 0.303 and
0.368 g g�1 as illustrated in Fig. 12. It is also observed that at
saturation where the system becomes much congested the unit
cell starts expanding, thus explaining the predicted increase of
the a and b axes. The variation of the three angles of the unit cell
shown in the same gure was also recorded during the run,
showing no deviation from the 90 degrees on the average for
a fully equilibrated MD trajectory.

We found that the guest molecules are primarily adsorbed in
the proximity of the AlO6 polyhedra via hydrogen bonding to the
O1 and H7 atoms of the bridging OH groups and the O2 and O3
oxygen atoms of the carboxylate groups (see Fig. S5 and calcu-
lated radial distribution functions in Fig. S10†). As loading
increases further, the guest–guest interactions dominate as

a result of the hydrogen bonding, therefore, giving rise to water
clusters which may exert steric effects on the linkers that alter
their position (Fig. 11, S11 and S12†); this phenomenon leads to
a distortion of the CAU framework. It must be stressed here that
the anisotropic structural transition is not observed when
imposing torsional potential on all dihedral angles controlling
the motion of the CAU-10-H linkers (see Fig. S7 and S8†). This
nding supports the result that this anisotropic structural
transition of the CAU cell can be mainly attributed to the ligand
reorientations upon water sorption. The predicted isosteric
heats of water fromMD in the CAU sorbent were calculated aer
developing a Widom type scheme41 using the following equa-
tion for the loadings shown in Fig. 10.

DH ¼ kB

�
vln fb

vð1=TÞ
�

P

þ
�
DV

�
rt; r

N
	
exp

�� DV
�
rt; r

N
	�

kBT
�


W�
exp

�� DV
�
rt; rN

	�
kBT

�

W

� kBT

rt represents the degrees of freedom of the test water molecule
and DV (rt; r

N) stands for the potential energy change of the
system energy, V (rN, cN), upon the insertion of a test sorbate
molecule.

In other words, the above equation entails: rstly, an
ensemble average of the change in potential energy (and its
Boltzmann factor) brought about by the random insertion of
a “ghost” (test) water molecule, namely, interacting with the
host atoms and guest molecules without perturbing the current
conguration; the average is carried out over the states (snap-
shots) of the system as they are created during the MD trajec-
tory. And secondly, evaluation of a spatial integral over
a sequence of random insertions and orientations of this test
molecule within the current CAU volume is carried out at each
state. The described averages are denoted by h.iW. fb is the
fugacity of the bulk phase; at low pressures it becomes pressure,
hence the derivative in the above equation decays.

It must be stressed that in our simulations the equation
above represents the congurational part of the differential heat
of sorption since it is related to the congurational part of
internal energy, namely the potential energy, V .

Cooling performance

The water adsorption data were transformed according to the
Dubinin–Astakhov approach leading to the following equation
for the equilibrium loading capacity as a function of the
adsorption potential:42

x ¼ xmax exp

"
�
�
A

E

�n
#

where the adsorption potential is given by

A ¼ RT ln

�
p0

p

�

The transformation leads to a fairly smooth characteristic
curve with a steep step between 200 J g�1 and 250 J g�1 of the
adsorption potential. By the use of this rough thermodynamic

Fig. 12 Computed length evolution of the a, b and c axes (top), and a,
b, and g angles of the CAU-10-H unit cell (bottom), induced by the
water adsorption during an MD trajectory, as a function of loading for
0.005, 0.011, 0.022, 0.032, 0.065, 0.151, 0.216, 0.281, 0.303 and
0.368 g g�1.
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model, the potential of the working pair water/CAU-10-H has
been evaluated under different boundary conditions.

At rst, the sensitivity of the uptake capacity with regard to
the desorption conditions, i.e., the condenser and desorption
temperatures, was calculated. As shown in Fig. 13, the CAU-10-
H can be easily regenerated by a very low desorption tempera-
ture. Even at a high condenser temperature of 35 �C, a desorp-
tion temperature less than 75 �C is sufficient to completely dry
the material. With lower condenser temperature, the required
driving temperatures decrease with a minimum of 70 �C at
a condenser temperature of 27 �C.

In addition to the desorption conditions, the sensitivity for
the adsorption conditions, i.e. the heat rejection and the chill-
ing temperatures (evaporator), was evaluated. As can be seen in
Fig. 14, CAU-10 performs best either at heat rejection

temperatures below 30 �C and/or for evaporator temperatures
above 10 �C with almost the maximum uptake of approximately
0.32 g g�1. Surprisingly, nearly the whole uptake capacity can be
achieved with heat rejection temperatures below 30 �C for
almost the whole range of chilling temperatures. In addition,
the full uptake can be achieved even at a very high heat rejection
temperature of 35 �C, if the chilling temperatures can be
increased above temperatures of 12 �C. Thus, this working pair
is highly interesting for very low driving heat cooling
applications.

As this eld of application is not accessible by current state-
of-the-art materials, CAU-10-H clearly closes a gap, thus allow-
ing new adsorption chilling applications.

Conclusions

The results described herein demonstrate that CAU-10-H
remains stable during several thousand adsorption and
desorption cycles with water as working uid.

Due to its thermophysical characteristics, it is a suitable
adsorbent for application in adsorptive cooling application with
water as the working uid. The water uptake of 0.26 g g�1 for the
coated sample (0.34 g g�1 for the bulk) is lower compared to that
of other very good performing and stable MOFs, like
aluminium-fumarate coating (0.35 g g�1). Other MOFs with
higher water capacities like UiO-66 (0.45 g g�1) or MIL-100 (Fe
0.65 g g�1, Al 0.36 g g�1) lack stability upon cycling. The
successful coating procedure, the high stability up to 10 000
cycles under working conditions, the nearly perfect shape of the
isotherm and the high uptake capacity make CAU-10-H the best
performing MOF for heat pump applications reported until
now.

For a successful market introduction, it will be necessary to
develop an industrially more feasible and scalable route for its
synthesis. The structural transition which was characterised in
detail indicates that the exibility of this material is dominated
by a torsional motion within the linker molecule, which
nevertheless does not lower the stability of the MOF. Since this
is the second MOF demonstrating such long-term stability and
since the rst MOF with such properties (aluminium fumarate)
is also based on Al3+, we assume that Al-based MOFs are the
most promising MOF adsorbents for application in water based
heat pumps. One major challenge in the future will be the
development of better MOF adsorbents in which the stability is
preserved while the capacity and therefore the amount of con-
verted energy are increased.
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F. Thibault-Starzyk, G. Mali, M. Rangus, T. Čendak, V. Kaučič
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1) Synthesis of CAU-10-H:

CAU-10-H was synthesized from 505 g (0.75 mol) of aluminium sulfate hydrate (Al2(SO4)3·18H2O) 

dissolved in 2.5 L of H2O, and 132 g (0.79 mol) isophthalic acid dissolved in 625 mL of DMF. The two 

solutions were combined in a 5 L round bottom flask. The combined mixture was heated under reflux 

for 117 h. After cooling down the precipitate was filtered, redispersed for washing in 3 L of H2O by 

sonication and stirring. The dispersion was filtered again and dried for 4 days at 100 °C and after this 

activated for 2 days at 120°C in vacuum. The total yield was 150 g (91 %) CAU-10-H. Surface area SBET 

= 564m²g-1 and pore volume 0.26 cm3g-1.

2) SEM images of the coating:

Fig. S1 SEM image of cross-section of CAU-10-H coating. Part of the coating was removed to get a 

better impression on the uniformity and thickness of the coating.
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Fig. S2  SEM image of the CAU-10-H coating.

3) Experimental section for capillary PXRD measurements 

The in-situ measurements at different relative humidity values unambiguously proved a phase 

transition between the known non-centrosymmetric form of CAU-10-H and a not yet reported dry, 

centrosymmetric conformation. In the light of these results, high-resolution PXRD data was analysed 

and crystal structures of the dry and the wet form were obtained by Rietveld refinement. The samples 

were loaded in capillaries and sealed either under ambient conditions after filtration (hydrated form) 

or after evacuation at 0.1 mbar and heating to 200 °C (dried form). The data was collected using a STOE 

Stadi-P diffractometer equipped with a Mythen detector using monochromated CuKα1 radiation. The 

software used for indexing and refinements was TOPAS.

The extinction conditions for the dried form are in agreement with the space group I41/amd and thus 

the crystal structure of the isostructural CAU-10-CH3 was utilised as a starting model for Rietveld 
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refinement. The functional groups were removed from the structural model and the positions of all 

other atoms could be successfully refined after employing restraints. 

Although the structure of hydrated CAU-10-H has been reported previously, the structure was 

revaluated since better PXRD data could be obtained. Hence for the structure determination of the 

hydrated form the already reported crystal structure data1 was taken as a starting model. Initially the 

position of the linker molecules was optimised by force-field methods using Materials Studio. This first 

model was used in the Rietveld refinement. Additional electron density found by Fourier Synthesis was 

attributed to water molecules inside the pores and subsequently their occupancy was also refined. The 

carbon backbones of the linker molecules were refined as rigid bodies and all other atoms were freely 

refined using restraints until convergence was achieved. The determination of the position of water 

molecules is usually very challenging using solely in-house PXRD data. For an ultimate proof, it would 

be advisable to measure neutron diffraction data on deuterated samples. Nevertheless, in the absence 

of such data the obtained position and the observed distances are in good agreement with expected 

values for moderate to strong hydrogen bonds. The residual electron density could be attributed to 

seven independent oxygen atoms representing water molecules. 

The most relevant crystallographic data is summarised in Table S1 and the asymmetric units are given 

in Figures S3 and S4. Relevant bond distances are given in Tables S2 and S3. The final Rietveld plots are 

given in Figures S5 and S6. 

Table S1 Final parameters of the Rietveld refinements.

CAU-10-H Hydrated Dry

space group I41 I41/amd

a  = b [Å] 21.2928(4) 21. 5214(7)

c [Å] 10.7305(3) 10. 3218(4) 

V [Å3] 4865.0(2) 4780.7(3)

RWP / % 6.8 4.3

RBragg / % 3.2 0.6

GoF 1.54 1.03

wavelength Cu Kα1 Cu Kα1
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Figure S3 Extended asymmetric unit of CAU-10H-dry with full Al coordination spheres and full ligand 

bridging mode. Symmetry transformations i = 1–x, y, z; ii = x, –y, –z; iii = 0.25+y, 0.25–x, –0.25+z; iv = 

0.25+y, –0.25+x, 0.25–z; v = 0.25–y, –0.25+x, 0.25+z; selected distances and angles are given inTable 

S2.

Table S2 Relevant bond distances (Å) and angles (°) for CAU-10-H-dry.a

Al1-O1(O1iii) 1.855(9) O2-C5 1.252(13)

Al1-O3iii,iv 1.888(11) O3-C5 1.282(13)

Al1-O2(O2ii) 1.903(11) C1-C2 1.400(11)

C2-C4 1.405(12)

O1-Al1-O1iii 88.853(3) C3-C4 1.384(12)

O1-Al1-O3iii 88.2 (3) C4-C5 1.471(11)

O1-Al1-O3iv 91.0(3)

O1-Al1-O2 92.3(3)

O1-Al1-O2ii 178.0(3)

O3iii-Al1-O3iv 178.9(5)

O3iii-Al1-O2 90.7(4)

O3iii-Al1-O2ii 90.1(4)

O2-Al1-O2ii 86.5(4)

Al1-O1-Al1v 126.657(4)

a Symmetry transformations: ii = x, –y, –z; iii = 0.25+y, 0.25–x, –0.25+z; iv = 0.25+y, –0.25+x, 0.25–z; v 

= 0.25–y, –0.25+x, 0.25+z
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Figure S4 Extended asymmetric unit of CAU-10H-H2O with full Al coordination spheres and full ligand 

bridging mode. Symmetry transformations i = 0.5–y, x, –0.25+z; ii = 0.5–x, 0.5–y, –0.5+z; iii = y, 0.5–x, 

0.25+z; iv = 0.5–x, 0.5–y, 0.5+z; v = 0.5+y, 1–x, –0.25+z; vi = 1.5–x, 0.5–y, –0.5+z; vii = 1–y, –0.5+x, 

0.25+z; viii = 1.5–x, 0.5–y, 0.5+z; selected distances and angles are given in Table S3. Crystal water 

guest molecules are not shown.

Table S3 Relevant bond distances (Å) and angles (°) for CAU-10-H-H2O including potential hydrogen 

bonds. Distances within the rigid bodies were not refined and therefore are given without standard 

uncertainties.a

Al1-O1 1.871(16)

Al1-O1i 1.875(15)

Al1-O24ii 1.897(10)

Al1-O12i 1.903(12)

Al1-O11 1.906(10)

Al1-O23i 1.967(12)

O11-C11 1.238(9)

O12-C11 1.264(9)

C11-C12 1.467

C12-C13 1.401

C12-C16 1.415

C13-C14 1.401

C14-C18 1.415

C14-C15 1.467

C16-C17 1.393

C17-C18 1.393

O13-C15 1.237(7)

O14-C15 1.236(9)

Al2-O13vii 1.890(11)

Al2-O2v 1.906(14)

Al2-O22v 1.920(11)

Al2-O21 1.921(13)

Al2-O2iv 1.923(15)

Al2-O14 1.964(12)

O21 C21 1.221(8)
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O22 C21 1.300(8)

C21 C22 1.479

C22 C23 1.408

C22 C26 1.415

C23 C24 1.408

C24 C28 1.415

C24 C25 1.479

C26 C27 1.392

C27 C28 1.392

O23 C25 1.283(9)

O24 C25 1.239(9)

O1-Al1-O1i 92.2(6)

O1-Al1-O24ii 89.2(6)

O1-Al1-O12i 173.3(7)

O1-Al1-O11 94.2(6)

O1-Al1-O23i 86.6 (5)

O1i-Al1-O24ii 92.2 (6)

O1i-Al1-O12i 94.6(5)

O1i-Al1-O11 87.6 (5)

O1i-Al1-O23i 175.7 (6)

O24ii-Al1-O12i 90.4(6)

O24ii-Al1-O11 176.6 (5)

O24ii-Al1-O23i 91.8 (6)

O12i-Al1-O11 86.2 (5)

O12i-Al1-O23i 86.7(5)

O11-Al1-O23i 88.4(5)

O13vii-Al2-O2v 92.1 (5)

O13vii-Al2-O22v 179.2(6)

O13vii-Al2-O21 88.2(4)

O13vii-Al2-O2 88.1(5)

O13vii-Al2-O14 87.5(5)

O2v-Al2-O22v 87.9(5)

O2v-Al2-O21 179.1(6)

O2v-Al2-O2 89.6(6)

O2v-Al2-O14 93.2(5)

O22v-Al2-O21 91.8(4)

O22v-Al2-O2 92.7(5)

O22v-Al2-O14 91.7(5)

O21-Al2-O2 89.6(5)

O21-Al2-O14 87.6 (5)

O2-Al2-O14 174.9(6)

Potential hydrogen bonds (Å):

Og1-Og2 2.728(23)

Og1-O1 2.944(18)

Og2-Og3 2.766(21)

Og2-Og7 3.052(50)

Og2-Og3 3.145(25)

Og3-Og7 3.018(46)

Og3-Og4 3.084(24)

Og4-O2 2.798(20)

Og4-O21 2.954(20)

Og4-O2 3.095(21)

Og5-O12 2.879(19)

Og5-Og6 3.016(22)

Og5-Og7 3.068(26)

Og5-O23 3.129(21)

Og6-Og7 2.727(54)

Og6-Og6 2.894(18)

Symmetry transformations 

i = 0.5–y, x, –0.25+z; ii = 0.5–x, 0.5–y, –0.5+z; iii 

= y, 0.5–x, 0.25+z; iv = 0.5–x, 0.5–y, 0.5+z; v = 

0.5+y, 1–x, –0.25+z; vi = 1.5–x, 0.5–y, –0.5+z; vii 

= 1–y, –0.5+x, 0.25+z; viii = 1.5–x, 0.5–y, 0.5+z.
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Figure S5 Final Rietveld Plot for CAU-10-H-dry. The black line is the experimental data, the red line 

gives the calculated fit, the blue line is the difference curve. Vertical bars mark the Bragg reflection 

positions. 

Figure S6 Final Rietveld Plot for CAU-10-H-H2O. The black line is the experimental data, the red line 

gives the calculated fit, the blue line is the difference curve. Vertical bars mark the Bragg reflection 

positions. 
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Crystallographic Information Files (CIFs):

data_

_chemical_name_mineral CAU10dry
_cell_length_a  21.52137(72)

_cell_length_b  21.52137(72)

_cell_length_c  10.32179(44)

_cell_angle_alpha 90

_cell_angle_beta  90

_cell_angle_gamma 90

_cell_volume 4780.74(38)

_symmetry_space_group_name_H-M I41/amdz

loop_

_symmetry_equiv_pos_as_xyz

'-x, -y, -z'

'-x, y, z'

'-x+1/2, -y, z+1/2'

'-x+1/2, y, -z+1/2'

'-y+1/4, -x+1/4, -z-1/4'

'-y+1/4, x-1/4, z+1/4'

'-y-1/4, -x+1/4, z-1/4'

'-y-1/4, x-1/4, -z+1/4'

'y+1/4, -x+1/4, z-1/4'

'y+1/4, x-1/4, -z+1/4'

'y-1/4, -x+1/4, -z-1/4'

'y-1/4, x-1/4, z+1/4'

'x, -y, -z'

'x, y, z'

'x+1/2, -y, z+1/2'

'x+1/2, y, -z+1/2'

'-x+1/2, -y+1/2, -z+1/2'

'-x+1/2, y+1/2, z+1/2'

'-x, -y+1/2, z'

'-x, y+1/2, -z'

'-y-1/4, -x-1/4, -z+1/4'

'-y-1/4, x+1/4, z-1/4'

'-y+1/4, -x-1/4, z+1/4'

'-y+1/4, x+1/4, -z-1/4'

'y-1/4, -x-1/4, z+1/4'

'y-1/4, x+1/4, -z-1/4'

'y+1/4, -x-1/4, -z+1/4'

'y+1/4, x+1/4, z-1/4'

'x+1/2, -y+1/2, -z+1/2'

'x+1/2, y+1/2, z+1/2'

'x, -y+1/2, z'

'x, y+1/2, -z'
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loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_symmetry_multiplicity

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Al1 Al   16 0.31840(42) 0 0 1 0.74(12)

O1 O   16 0.25684(37) 0.00684(37) 0.125 1 0.74(12)

O2 O   32 0.38279(48) 0.00937(40) 0.12478(72) 1 0.74(12)

O3 O   32 0.33677(37) 0.06753(49) 0.27693(79) 1 0.74(12)

C1 C   32 0.5 0.08862(93) 0.4789(17) 1 0.74(12)

C2 C   32 0.44355(22) 0.07462(54) 0.41817(74) 1 0.74(12)

C3 C   32 0.5 0.0373(10) 0.2334(18) 1 0.74(12)

C4 C   16 0.44385(28) 0.05337(55) 0.28952(74) 1 0.74(12)

C5 C   16 0.38363(36) 0.03863(56) 0.22955(87) 1 0.74(12)

data_

_chemical_name_mineral CAU10H2O
_cell_length_a  21.29280(42)

_cell_length_b  21.29280(42)

_cell_length_c  10.73045(29)

_cell_angle_alpha 90

_cell_angle_beta  90

_cell_angle_gamma 90

_cell_volume 4865.01(23)

_symmetry_space_group_name_H-M I41

loop_

_symmetry_equiv_pos_as_xyz

'-x+1/2, -y+1/2, z+1/2'

'-y, x+1/2, z+1/4'

'y+1/2, -x, z-1/4'

'x, y, z'

'-x, -y, z'

'-y+1/2, x, z-1/4'

'y, -x+1/2, z+1/4'

'x+1/2, y+1/2, z+1/2'

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_symmetry_multiplicity

_atom_site_fract_x
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_atom_site_fract_y

_atom_site_fract_z

_atom_site_occupancy

_atom_site_B_iso_or_equiv

Al1 Al   8 0.25543(34) 0.31384(35) 0.24427(82) 1 1.04(11)

Al2 Al   8 0.68023(32) 0.24569(33) 0.49332(85) 1 1.04(11)

O1  O   8 0.24869(46) 0.25942(44) 0.3805(14) 1 1.04(11)

O2  O   8 0.74159(40) 0.24565(42) 0.6248(14) 1 1.04(11)

O11 O   8 0.34296(32) 0.29910(39) 0.2213(15) 1 1.04(11)

O12 O   8 0.37685(52) 0.23623(38) 0.36955(86) 1 1.04(11)

C11 C   8 0.3840027 0.2652319 0.2677798 1 1.04(11)

C12 C   8 0.4441725 0.2638812 0.2012799 1 1.04(11)

C13 C   8 0.5006852 0.2601662 0.2677391 1 1.04(11)

C14 C   8 0.5577711 0.2687669 0.2051014 1 1.04(11)

C15 C   8 0.6164345 0.2752286 0.2755989 1 1.04(11)

C16 C   8 0.4452378 0.2729684 0.07067272 1 1.04(11)

C17 C   8 0.5020659 0.279699 0.00779776 1 1.04(11)

C18 C   8 0.5581572 0.277825 0.07447133 1 1.04(11)

O13 O   8 0.65747(27) 0.31092(38) 0.2350(10) 1 1.04(11)

O14 O   8 0.61520(41) 0.23827(41) 0.36435(83) 1 1.04(11)

O21 O   8 0.61510(55) 0.23349(31) 0.61487(83) 1 1.04(11)

O22 O   8 0.66472(30) 0.17040(42) 0.74989(87) 1 1.04(11)

C21 C   8 0.6168703 0.1874452 0.6826409 1 1.04(11)

C22 C   8 0.5579917 0.1683365 0.7451753 1 1.04(11)

C23 C   8 0.4992116 0.1899503 0.7029915 1 1.04(11)

C24 C   8 0.4436339 0.1675857 0.7585928 1 1.04(11)

C25 C   8 0.381207 0.1858979 0.710291 1 1.04(11)

C26 C   8 0.5605369 0.1251226 0.845279 1 1.04(11)

C27 C   8 0.5056948 0.103576 0.9015392 1 1.04(11)

C28 C   8 0.4476166 0.1243813 0.8585278 1 1.04(11)

O23 O   8 0.37952(50) 0.22270(41) 0.61569(86) 1 1.04(11)

O24 O   8 0.33152(34) 0.16816(47) 0.7590(13) 1 1.04(11)

Og1 O   8 0.15210(78) 0.16123(66) 0.3571(21) 1.000(23) 1.04(11)

Og2 O   8 0.05963(71) 0.07394(87) 0.3881(22) 0.759(19) 1.04(11)

Og3 O   8 -0.07003(67) 0.07315(78) 0.4043(17) 1.000(24) 1.04(11)

Og4 O   8 0.65907(81) 0.32458(79) 0.8033(18) 1.000(23) 1.04(11)

Og5 O   8 0.44584(79) 0.12564(78) 0.4407(20) 1.000(25) 1.04(11)

Og6 O   8 0.43204(58) -0.00025(55) 0.5665(14) 1.000(27) 1.04(11)

Og7 O   8 0.5 0 0.3511(57) 0.209(31) 1.04(11)
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4) Modelling details of CAU-10-H

For the derivation of the partial charges of the CAU-10-H the Electronegativity Equalization 

Method (EEM) was employed following the approach described in a previous work2. Three 

parameters were used for each atom as input to the EEM to compute the partial charges in CAU-

10-H; electronegativity, hardness, and gamma factor (see Table S4). These parameters were 

taken from analogous parameters of the aluminum-based carboxylate MOF, the MIL-100(Al), 

since these two MOFs consist of similar atom types. These EEM parameters were calculated 

on a small cluster of MIL-100(Al) so as to obtain the same partial charges as the ones derived 

by Density Functional Theory computations on the same cluster3. The implementation of the 

EEM for the unit cells of CAU-10-H resulted in the mean values for the partial charges shown 

in Table S4.

The above partial charges were employed in a fully flexible model for CAU-10-H used in the 

Molecular Dynamics simulations. The initial parameters for bonded and dispersion interactions 

were taken from Dreiding4; then the following modifications were made in order to achieve the 

best possible matching with the IR spectrum of the crystal: 

(i) The equilibrium bond distances,  , (Table S5) and angle values, , (Table S6) were taken 0
IJr 0

Jθ

from the crystallographic data provided by the University of Kiel. 

(ii) Except of the bond Al-O1 (that contributes to the stability of the chain of the cis-connected 

corner-sharing aluminium polyhedra), which was made stronger by shortening its equilibrium 

bond distance and increasing its force constant (see Table S5); it is worth mentioning that 

crystallography shows that this bond is slightly shorter that the rest Al-O bonds of the AlO6 

polyhedra. 

(iii) The dispersion parameters for the bridging OH atoms (O1 and H7) were distinguished from 

the other oxygens and hydrogen atoms of CAU on the basis of their different electron charge 

(see Table S4); the charges on the O1 and H7 imply that the electrons of the hydrogen atom are 

shifted closer to the oxygen atom and, consequently the hydrogen atom is behaving like a point 

charge allowing for the proximity of other electronegative atoms (guest water oxygens) towards 

the creation of hydrogen bonding. To properly account for this, we used the dispersion 

parameters of the SPC/E model for the O1 and H7 which has been shown to describe well the 

formation of hydrogen bonds in liquid water5. 

(iv) The torsional potential for the four dihedral angles (O2-C6-C5-C1, O2-C6-C5-C3, O3-C6-

C5-C1, O3-C6-C5-C3) was zeroed (see Fig. S5 for notation); these angles control the rotation 
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of the carboxylate group relative to the aromatic ring. Zeroing them enabled the quasi free 

rotation of the linkers. The quasi free rotation of the linker has been showed to better capture 

the host dynamics in our previous work on ZIF-86. To verify the validity of our choice regarding 

the particular mobility of the linkers, a stiff version was also tested by imposing torsional 

potentials on them as dictated by Dreiding (see Table S7). This latter stiff model version for the 

linkers did not satisfactorily reproduce the experimental IR spectrum, it did not capture the 

linker dynamics upon water adsorption (Fig. S7) with respect to the Second Harmonic 

Generation (SHG) microscopy experiments of this work, and did not predict the structural 

transition of CAU cell upon water adsorption (Fig. S8, bottom). So, one could conclude that a 

realistic representation for CAU-10-H linkers definitely opts for flexible states.

All remaining parameters were left the same as in the Dreiding force field. The final parameters 

are given in Tables S4-S8.  The notation of the framework atoms is shown in Fig. S5.

The potential interaction energy was computed as a sum of bonded and non-bonded energy 

terms:

bonded nonbondedU U U= +

where bonded bonds angles torsionsU U U U= + +

and nonbonded dispersion electrostaticU U U= +

The form of these terms is given below. 

Bond stretch:   , for atom I bonded to atom J ( )201
2IJ IJ IJ IJE k r r= −

Angle bend:   , for two bonds IJ and JK ( )201
2IJK IJK IJK JE k θ θ= −

Proper torsion:   , for two bonds IJ and KL connected via ( ){ }01 1 cos
2IJKL JK JK JKE V n ϕ ϕ⎡ ⎤= − −⎣ ⎦

a common bond JK

Improper torsion:   ,  , for an atom I bonded to exactly three [ ]1 cosIJKLE K= − Ψ 0 o0Ψ =

other atoms, J, K, L, and planar equilibrium geometry. The angle is between the IL bond and 

JIK plane.
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The dispersion interaction cutoff was 1.0 nm. The Lorentz−Berthelot rules were applied for 

describing guest−host interactions. Electrostatic interactions were computed through a particle-

mesh Ewald summation code.

Fig. S5 CAU-10-H atom notation; definition of the dihedrals O2-C6-C5-C1 (φ1 and φ2) 

denoting the motion of the carboxylate group relative to the aromatic ring.

Table S4 Non-bonded and EEM parameters for the CAU-10-H atoms.

atom 

type

atom ε 

(kcal/mol)

σ (Å) EEM 

type

χ (eV/e) 2η(eV/e2) γ(Α-3) partial 

charge (e)

Al Al 0.3100 3.9110 Al 0.8707 12.0000 0.5443  1.7116

O1 O 0.1554 a 3.1656a  OH 11.380 16.6244 1.0898 -1.1303

O2 O 0.0957 3.0332 OT 7.2560 16.6244 1.0898 -0.5997

O3 O 0.0957 3.0332 OT 7.2560 16.6244 1.0898 -0.5883

C1 C 0.0951 3.4730 CAR2 5.7396 14.0000 0.9000 -0.1785

C3 C 0.0951 3.4730 CAR2 5.7396 14.0000 0.9000 -0.2173

C4 C 0.0951 3.4730 CAR2 5.7396 14.0000 0.9000 -0.0993

C5 C 0.0951 3.4730 CAR 4.9896 14.0000 0.9000 -0.0237

C6 C 0.0951 3.4730 CT 3.7426 14.0000 0.9000  0.7103

H1 H 0.0152 2.8464 HAR 3.0656 20.1678 0.8910  0.1820

H3 H 0.0152 2.8464 HAR 3.0656 20.1678 0.8910  0.2157

H4 H 0.0152 2.8464 HAR 3.0656 20.1678 0.8910  0.1580

H7 H 0.0000a     --- a HOH 4.3178 19.2186 0.8203  0.3574
a SPC/E parameters for the O1 and H7 atoms of the bridging OH group
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Table S5 Bond stretch parameters for the CAU-10-H.

I-J (kcal/mol/IJk

Å2)

 (Å)0
IJr

C1-C4 1050 1.39

C1-C5 1050 1.39

C3-C5 1050 1.39

C1-H1 700 1.02

C3-H3 700 1.02

C4-H4 700 1.02

C5-C6 700 1.47

Al-O1 2800 1.70

Al-O2 700 1.90

Al-O3 700 1.89

O1-H7 700 1.00

O2-C6 700 1.25

O3-C6 700 1.28

Table S6 Angle bend parameters for the CAU-10-H.

I-J-K IJKk

(kcal/mol/rad2)

0
Jθ

(degrees)

C1-C4-C1 100 120

C4-C1-C5 100 120

C1-C5-C3 100 120

C5-C3-C5 100 120

C3-C5-C1 100 120

C5-C1-C4 100 120

C1-C4-H4 100 120

C1-C4-H4 100 120

C4-C1-H1 100 120

C5-C1-H1 100 120
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C1-C5-C6 100 120

C3-C5-C6 100 120

C5-C3-H3 100 120

C5-C3-H3 100 120

C3-C5-C6 100 120

C1-C5-C6 100 120

C5-C1-H1 100 120

C4-C1-H1 100 120

O1-Al-O1 100 90

O2-Al-O2 100 90

O3-Al-O3 100 180

O1-Al-O2 100 180

O1-Al-O2 100 90

O1-Al-O3 100 90

O2-Al-O3 100 90

Al-O2-C6 100 130.4

Al-O3-C6 100 136.6

O2-C6-C5 100 117.1

O3-C6-C5 100 117.1

O2-C6-O3 100 120

Al-O1-Al 100 126.6
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Table S7 Torsion interaction parameters for the CAU-10-H.

I-J-K-L (kcal/JKV
mol)

JKn (degre0
JKϕ

es)
C4-C1-C5-C3 25 2 0
C1-C5-C3-C5 25 2 0
C5-C3-C5-C1 25 2 0
C3-C5-C1-C4 25 2 0
C5-C1-C4-C1 25 2 0
C1-C4-C1-C5 25 2 0
C4-C1-C5-C6 25 2 0
C1-C5-C3-H3 25 2 0
C5-C3-C5-C6 25 2 0
C3-C5-C1-H1 25 2 0
C5-C1-C4-H4 25 2 0
C1-C4-C1-H1 25 2 0
C5-C1-C4-H4 25 2 0
C1-C4-C1-H1 25 2 0
C4-C1-C5-C6 25 2 0
C1-C5-C3-H3 25 2 0
C5-C3-C5-C6 25 2 0
C3-C5-C1-H1 25 2 0
H4-C4-C1-H1 25 2 0
H1-C1-C4-H4 25 2 0
H1-C1-C5-C6 25 2 0
H3-C3-C5-C6 25 2 0
H3-C3-C5-C6 25 2 0
H1-C1-C5-C6 25 2 0
O2-C6-C5-C1 5 2 0
O2-C6-C5-C3 5 2 0
O3-C6-C5-C1 5 2 0
O3-C6-C5-C3 5 2 0

Table S8 Improper torsion interaction parameters for CAU-10-H.

I-J-K-L
(central I)

K
(kcal/mol/rad2)

C4-C1-C1-H4 40
C1-C5-C4-H1 40
C5-C3-C1-C6 40
C3-C5-C5-H3 40
C5-C1-C3-C6 40
C1-C4-C5-H1 40
C6-O2-O3-C5 40
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Fig. S6 Correlation probabilities calculated by MD of the dihedral angles φ1 and φ2 for the 

CAU-10-H linkers, for the model option enabling quasi-free rotation of the linkers, for the 

dehydrated (top), and the water-loaded CAU-10-H at loadings of 0.032 (middle) and 0.303 gg–1 

(bottom). Colour code: low (blue) to high (red) probability values (in natural logarithmic scale). 

See analogous figure in the article, illustrating only the dehydrated (top) and the loading of 

0.303 gg–1 (bottom).
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Fig. S7 Correlation probabilities calculated by MD for the dihedral angles φ1 and φ2, for the 

model option imposing torsional potentials on the linkers, for the dehydrated (top), and the 

water-loaded CAU-10-H at loadings of 0.032 (middle) and 0.303 gg-1 (bottom). Colour code: 

low (blue) to high (red) probability values (in natural logarithmic scale).
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Fig. S8 Simulated length evolution of the a, b and c axes of the CAU-10-H crystal unit cell 

induced by the water adsorption during an MD trajectory, as a function of loading: 0.005, 0.011, 

0.022, 0.032, 0.065, 0.216, 0.281, 0.303 and 0.368 gg–1, using the Andersen conventional 

isobaric algorithm in MD simulations, for the two model options: enabling quasi-free rotation 

of the linkers (top) and imposing torsional potentials on them (bottom).  
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Fig. S9 Computed (top) and measured1 (bottom) IR spectra of CAU-10-H.

We note that we have not simulated an identical IR spectrum with the measured one as this is 

extremely difficult and practically impossible although we tried hard because of the many 

degrees of freedom of the mobile CAU system of atoms. For this reason we also added error 

bars to all modelling experiments (Fig. 10 and Fig. 12 in paper). Also the spectrum is what 

we found from the last stage Fourier post-MD-processing namely raw results with no 

smoothening or fitting job on them. The alternative route of deriving ad hoc quantum 

mechanical parameters and then fitting for CAU-10-H is completely out of scope of this work 

because we cannot perform ab initio calculations of this type. Concluding we tried to make a 

reasonable adjustment of parameters, however; so that our modelling results will be 

reproducible.
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Fig. S10 Density distribution functions of the guest water oxygens calculated with respect to 

the hydrogen atom (H7) of the bridging OH group (squares) and the O2 (rhombi) and O3 

(triangles) oxygens of the carboxylate groups (see Fig. S5 for atoms notation) at low loading 

0.011 gg–1; on the right is depicted a snapshot from MD simulations showing the distance 

between the H7 atom of the bridging OH group and a guest water molecule.

       

       

Fig. S11 Indicative snapshots form MD simulation depicting the formation of water clusters at 

0.065 (top, middle) and 0.216 gg–1 loadings (bottom); colour code: aluminium polyhedra (pink), 

water molecule (H: white and O: red), linker and bridging OH group (grey).
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Fig. S12 Guest−guest (circles) and guest−host (triangles) components of the total potential 

energy (rhombi) in the water/CAU-10-H system at 300 K as a function of loading; the dashed 

line points to the energy of liquid water at 300 K computed via the SPC/E model.
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Metal-organic frameworks represent a class of microporous adsorbents with high application 

potential for adsorption heat transformation. Here, we present a functional, full-scale heat 

exchanger coated with the microporous aluminum fumarate MOF Basolite® A520 using a 

polysiloxane-based binding agent. The function of the heat exchanger was evaluated resulting in 

a gross cooling power of 2900 W (at the beginning of the adsorption cycle) or, respectively an 

average cooling power of 690 W (up to a limit of 90% equilibrium loading in 7 min) under the 

working conditions of a realistic adsorption chiller of 90 °C - 30 °C - 18 °C (temperature level of 

heat source, heat rejection/condenser and evaporator). 

 

Introduction 

Metal-organic frameworks (MOFs) receive continuous attention as microporous adsorbents 

due to their unsurpassed porosity and chemical variability. MOFs provide an enormous potential 

for improvement in several fields of application, such as gas storage,1–8 gas9–13 and liquid14–17 

separation, heterogeneous catalysis,18–22 drug delivery23,24 or sensor applications.25–27 Based on 

their favorable water vapor adsorptive properties,Ref. they are especially attractive for sorption-

based heat transformation.28–39 Among the different MOFs used for this purpose, microporous 

aluminum fumarate has proven especially promising because of its comparatively high 

hydrophilicity, excellent multi-cycle stability39 (virtually no loss for 4500 ad-/desorption cycles 

using advantageous water as the working fluid). Moreover, aluminum fumarate is accessible by a 

cost-efficient synthesis, which can be achieved by precipitation from low-cost bulk chemicals in 

water at ambient pressure.40 
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Thermally driven adsorption heat pumps (AHPs) can be applied to gain more heating energy 

from a given amount of fuel than from its mere combustion enthalpy. Thermally driven chillers 

(TDCs), on the other hand, make use of waste heat (such as heat from combined power and heat 

cycles, or district heat, during the hot season) for the production of useful cold. The underlying 

process has been discussed in detail in the literature.37,39,41–43 However, for the realization of an 

efficient adsorption heat pump or chiller, the adsorbent has to meet several requirements. Most 

importantly, the adsorbent must be thermally coupled to the fluid circuit as efficiently as 

possible, as the adsorption kinetics and hence the power and power density of the unit directly 

depend on the transfer of heat of adsorption away from and towards the adsorption site.44–46 

Therefore, heat exchangers coated with the adsorbent (HX, in the following referred to as 

adsorbers) are by far superior to packed beds in terms of power delivered per mass of 

adsorbent.47–52 Due to the cyclic nature of the process, the overall mass of the adsorber in relation 

to the adsorption capacity, must be kept as low as possible in order to minimize losses by heating 

and cooling passive thermal mass. Maximizing the amount of adsorbent coating on a HX and, in 

addition, achieving fast and efficient heat and mass transfer through the adsorbent, are among the 

major challenges for the design of adsorbent-coated heat exchangers. Furthermore, the coating 

has to be mechanically and chemically stable towards thermal stress, due to the cyclic operation, 

mechanical shocks and vibration, e.g., due to transportation. These issues are addressed in the 

literature by the development and evaluation of several routes to obtain thick and sturdy binder-

based or binder-free coatings, not only for conventional adsorbents, but also for promising MOFs 

such as CAU-10-H, HKUST-1 or MIL-101(Cr).39,44,51,53–58 Yet the scale-up towards a functional, 

fully coated MOF-based HX has not yet been reported so far. This may be attributed to the fact 
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that the procurement, formulation and deposition of the large amounts of suitable MOFs needed 

for such applications is arduous on a scale larger than in the laboratory. 

In this contribution, we present the fabrication of a functional full-scale HX coated with 

aluminum fumarate MOF using a polysiloxane binder. Moreover a benchmark evaluation of the 

HX with respect to adsorption equilibrium and kinetics as well as cooling performance was 

conducted. 

 

 

 Experimental procedure 

Procurement: A state-of-the-art water/air finned HX with aluminum fins pressed onto copper 

tubes (diameter of copper tubes = 12 mm, aluminum fins with thickness = 0.2 mm, fin 

spacing = 3.0 mm, total dimensions of 480·160·120 mm3, overall volume filled with 

lamellas = 385·160·110 mm3 = 6,776 L, total mass 3001 g) was manufactured by WÄTAS 

Wärmetauscher Sachsen GmbH, Olbernhau, Germany (see Fig. 1a). Microporous aluminum 

fumarate (Basolite® A520, BET surface of 970 m²/g) was supplied by BASF SE.40 The 

polysiloxane binder emulsion (SilRes® MP50 E) was obtained from Wacker Chemie AG. 

Pretreatment: Prior to application of the coating, the HX was degreased by submersion into a 

mild alkaline cleaning solution (7 wt% SurTec 140, 0.5 wt% SurTec 089 obtained from SurTec 

International GmbH) at 80 °C for 5 min, then thoroughly rinsed with deionized water, oxidized 

by submersion into 13 wt% nitric acid (ACS grade, 69%, Sigma Aldrich), at RT for 2 min and 

again rinsed with deionized water, then dried at room temperature with compressed air. The 

cleaned HX is shown in figure 1a. Areas not to be coated were covered using adhesive tape. 
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Preparation of the coating dispersion: In a 25 L stainless steel vat (530·330·200 mm³), 4338 g 

of microporous aluminum fumarate (5.2 wt% adsorbed water; dry mass content 4121 g) were 

dispersed in 13.0 L of deionized (DI) water at room temperature using 2 two-bladed propeller 

stirrers at 500 rpm for 30 min. The dispersion process was assisted by ultrasonic treatment 

(Elmasonic x-tra basic 800 at 45 kHz and 1000 W) for 30 min, followed by another 45 min of 

stirring. 2594 g of polysiloxane binder (dry mass content 1258 g) were added, stirring was 

continued for 60 min.  

Coating process: The HX was immersed into the freshly prepared dispersion (cf. above) and 

withdrawn. Excess slurry between lamella was removed by compressed air. The lamellas were 

put horizontally and dried in air for 60 min, then re-immersed into the dispersion, again 

withdrawn, excess slurry removed by compressed air and left in air for 6 d at RT. After taking 

off the adhesive tape, removal of volatile contents of the binding agent was assured by heating 

the coated HX at 200 °C for 3.5 h in an air ventilated furnace.  

Immediately after heating, the dry mass of the coated HX was measured. The mass of the 

applied coating was determined by subtracting the mass of the cleaned HX before coating from 

the mass of the hot, dried HX. The adsorbent mass fraction of the dispersion wAds = 0.77, 

calculated as dry adsorbent mass divided by solid mass of adsorbent and binder in the dispersion. 

The coating thickness was measured with a digital caliper on 8 different spots of the fins, coated 

on both sides. The fin thickness was subtracted and the thickness of upper and lower coating 

averaged.    

Determination of equilibrium adsorption properties: Water vapor adsorption properties were 

measured isothermal at 25 °C in a Quantachrome VStar up to a p/p0 = 0.99, after activating the 

sample at 150°C for 6 h. To crosscheck adsorption properties of the coating adsorbens 
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approximately 1 g of the coating was scraped off the HX lamellas, slightly grinded and measured 

in the same way as the original powder.    

Hydrothermal stability was tested on the sample of the HX coating for 360 cycles in a setup at 

atmospheric pressure by switching between a cold humidified nitrogen gas stream (25 °C, 

80% RH) and a hot dry one (120 °C, ??? %RH). A 25 °C isotherm of the treated sample is 

compared with the original one.  

Estimation of coefficient of performance (COP) under cooling conditions: The cooling COP is 

defined as useful cooling energy output divided by the required regeneration energy input.  

 

The useful cooling energy is simply the enthalpy achieved in the evaporator Qevap and can be 

calculated as evaporation enthalpy times the total water uptake. The required regeneration energy 

consists of a sensible part (for heating up the device) and the desorption enthalpy times the total 

water uptake. The water uptake was interpolated between the measured data sets as Gaussian 

approximation of three isotherms (25 °C, 40 °C, and 60 °C). For the sensible part the mass of the 

height exchanger (3001 g with a specific heat capacity of 900 J kg-1 K-1) and binder (150 g with a 

specific heat capacity of 1200 J kg-1 K-1) has been taken into account, whereas the realized 

adsorbent mass with 495 g was used and a corresponding heat capacity of 1200 J kg-1 K-1. 

Following the COP has been calculated for set of temperatures as follows: evaporator 

temperature 8 °C to 22 °C, adsorption temperature 25 °C, 30 °C and 35 °C for a fixed desorption 

temperature of 70 °C. In addition the COP for typical data center cooling condition (65°C-35°C) 

was calculated. The heat rejection and adsorption temperature were taken as identical. With 

respect to a necessary temperature difference between adsorbens and fluid circuit to allow heat 

exchange the COP has been calculated for a minimum mean temperature difference of 4K.    
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Dynamic of adsorption and cooling performance testing: The adsorption and cooling 

performance of the coated HX was tested in a custom-made apparatus as described earlier.44 The 

HX was placed into a vacuum sample chamber, attached to a digital suspension balance and 

connected to a fluid circuit in such a way that the weight signal was not affected by the tubing. 

The weight signal was recorded continuously. A sufficiently large evaporator chamber provided 

a constant, settable water vapor pressure via a solenoid valve. Prior to the adsorption experiment, 

the adsorber was degassed at a temperature of 90 °C under vacuum (> 0.01 kPa) for 12 h and 

then preloaded at 0.3 kPa for simulating the preloaded state under field operating conditions 

(desorbing against a condenser at 30 °C). Adsorption was initiated by opening the connection 

between the sample chamber and the evaporator chamber. Adsorption kinetics and cooling 

performance were determined at a HX fluid temperature of 30 °C and a constant water vapor 

pressure of 1.8 kPa, corresponding to an evaporator temperature (useful cold) of 18 °C. 

The cooling performance of the HX was calculated from the adsorption kinetic experiments as 

follows: Under isobaric conditions and constant adsorption temperature, it can be anticipated that 

the evaporated amount of water equals the adsorbed amount of water at any point of time t. Thus, 

the integral heat of evaporation Qint,evap(t) that has been provided at any time t can be calculated 

from the adsorbed amount of water mAds(t) and the standard evaporation enthalpy of water, 

ΔH0
evap (H2O) = 2230 kJ/kg according to 

Qint,evap = mAds(t) H0
evap(H2O) 

The gross cooling power Pcool, provided during adsorption by evaporation, is proportional to 

the evaporation rate, i.e., also to the adsorption rate, assuming stationary conditions, and equals 

the time derivative of the integral heat of evaporation: 
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PCool = 
d

dt
Qint,evap 

 

 

 

 

Results and Discussion 

After final drying of the coated HX, a smooth, homogeneous MOF-binder surface was 

obtained (see Figure 1b). The final dry weight of the MOF-coated HX was determined at 3644 g, 

resulting in 643 g of dried coating being applied and therefore 493 g of aluminum fumarate are 

coated on the HX. This corresponded to a low adsorbent to sensible mass ratio of 0.135 for the 

overall adsorber. Assuming an even distribution of the dispersion components, the adsorbent 

mass fraction of the coating can be taken as identical to the wads of the dispersion, therefore the 

MOF-adsorbent content of the coating is 77 wt%, corresponding to 23 wt% binder in the coating. 



 

 9

   

  

Figure 1. a) Heat-exchanger (HX) after cleaning and b) after coating with the aluminum 

fumarate MOF and drying. 

The average thickness of the MOF-containing coating was found to be between 300 and 330 μm, 

distributed evenly on the aluminum lamellas and copper tubes of the HX. Blocking of the space 

between the lamellae was not observed. The coating proved mechanically resistant against 

handling (touchable without flaking) and under conditions of operating during performance 

testing. After 4 days in climate chamber and 3 days in the closed dynamic setup, the steel plates 

at the ends of the HX started to corrode by forming brown rust, probably triggered through 

removing the zinc galvanized protection layer during treatment in HNO3 solution. Also the 

coating on these steel parts had an orange to brown color, probably caused by diffusion of iron 

oxide into the coating (see Figure 1b, coated steel part on the left end). 

Comparing the equilibrium adsorption isotherms of the coated HX with those of the pure 

microporous aluminum fumarate (Figure 2), it can be stated that the water loading characteristic 
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of the MOF has largely been maintained. The original, spray coated material shows an additional 

arise, starting at p/p0 of 0.6. This is probably induced by early condensation through macro 

structures of the spray coated particles and result in high hysteresis of the desorption path. At a 

p/p0 = 0.48 (adsorption point at 30°C against evaporator at 18°C) the equilibrium loading is 

x = 0.317 gg-1. The corrected adsorption loading for the adsorbent in the coating is 

x = 0.309 gg-1, therefore 97 % of the adsorption capacity remained. Also comparing with the 

equilibrium point out of the kinetic measurement at 30 °C and a p/p0 = 0.48, the loading x is 

0.275 gg-1, which correspond to 88 % of the original uptake. Taking into account a lower 

equilibrium loading at higher temperature (25 °C to 30 °C), this is consistent with the isothermal 

measurements.   

 

Figure 2. Equilibrium isotherms at 25 °C of the aluminum fumarate powder ( ), coating ( ) 

and aluminum fumarate (calculated from coating by subtraction of the masses of the binding 

agent, ) in comparison with the 30 °C equilibrium points of the kinetic setup (coating  and 

corrected aluminum fumarate ). Adsorption is shown with filled symbols. Grey dotted line 

shows the operational window of the dynamic measurement.  
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From published equilibrium data (Lit), an estimation of the achievable COP is possible, taking 

into account the sensible mass of the HX structure and binder without heat recovery. At 

operating conditions of 90 °C - 30 °C - 18 °C, the equilibrium COP could reach 0.61 and this 

holds true for realistic cycle loadings of 90 %.  

The strength of this material are operating conditions with low desorption temperatures not 

more than 65°C, for example data center cooling. The COP variation reveals a maximum COP of 

??? at ?????. For data center cooling the with heat rejection at 35 °C and useful cold at 18 °C the 

COP is at ????.   

 

 

The kinetics of the mass gain during water sorption at a constant water vapor pressure of 

1.8 kPa with a heat rejection temperature of 30 °C is depicted in Figure 3. The equilibrium 

loading of 0.275 gg-1 was determined at tend = 25 min after starting the experiment. After 

t60 = 3 min the adsorber is already loaded to about 60 %, after t90 = 7 min it is loaded to 90 % and 

after 12.5 min, the adsorber is virtually saturated. According to Dawoud52 the rise-up time t80-t15 

was calculated to tr = 270 s, the sorption speed vs = (x50 - x0)/t50 = 0.08 g per 100 g adsorbent 

per s. Adsorption kinetics for a comparable full scale fin heat exchanger coated with the 

silicoaluminophosphate SAPO-34 (AQSOA-Z02 by Mitsubishi Chemicals) with a thickness of 

300 μm was reported before by Dawoud et al52. In this study, using operating conditions of 

90 °C – 35 °C – 5 °C, 57% of the loading was reached after 10 min. Even when taking into 

consideration the harsher operating condition at lower adsorption pressure of the SAPO-34-

coated HX, the water sorption kinetics for the HX coated with the aluminum fumarate MOF 

clearly shows the huge potential for this application. 
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Figure 3. Time dependence of the HX mass gain during adsorption for operating condition 

90 °C – 30 °C – 18 °C (blue line). Adsorption started with valve opening at t = 0 s  

 

According to the mass gain over time (Fig. 3), the calculated integral heat of evaporation and 

the cooling power are provided in Fig. 4. A maximum performance of 2900 W is achieved at the 

beginning of the working cycle. Even at t = 74 s, the cooling power is still in the range of 

1000 W. The average cooling power till reaching a loading of 90% is still at 690 W.  Dividing 

PCool by the volume of the finned part, the volume specific cooling power (VSCP) of the HX can 

be calculated. A peak VSCP of VSCPpeak = 430 W L-1 can be achieved and also with realistic 

cycle loading of 90 %, the VSCPx90 amounts to 101 W L-1. The achieved specific cooling power 

(SCP) per kg MOF is a crucial value for estimating the cost of the adsorber. SCP calculated for 

the peak performance is SCPpeak = 5880 W kg-1, for x90 is SCPx90 = 1394 W kg-1. These results 

show the high potential of this aluminum fumarate coated HX. From the fast adsorption kinetics, 

it can be deduced that the MOF particles, which are not excluded from adsorption by blocking 

through the binding agent, are accessible for unhindered and rapid mass transfer. Furthermore, 
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the steep adsorption isotherm of microporous aluminum fumarate probably also contributes to 

the fast adsorption and high cooling power, given that pore filling occurs over a small p/p0 range 

and the driving force for filling the pores remains high as long as unfilled pores are still present. 

 

Figure 4. Gross cooling power Pcool of the aluminum fumarate-coated HX for operating 

conditions 90 °C – 30 °C – 18 °C (red line, lower part), calculated from the integral heat of 

evaporation Qint,evap (blue line, upper part). The derivative was calculated using OriginPro and 

smoothed with the method of Savitzky-Golay using a 2nd order polynome. The green line 

indicates PCool = 1000 W for a half cycle time of t = 74 s. 

 

 

As can be seen in Fig. 5 a broad plateau with a COP of approximately 0.6 is achieved for the 

given variations.   
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Figure 5 Calculated cooling COP for different adsorption temperatures and evaporator 
temperatures for a fix desorption temperature of 70°C . The maximum COP without heat 
recovery was calculated to 0.7 for the temperature set 70/35/22°C. 
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Figure 6 Calculated cooling COP for different adsorption temperatures and evaporator 
temperatures and a given desorption temperature of 90°C.  

 

 

 

 

 

Summary and Outlook 

This work shows that a functional heat exchanger fully coated by the MOF aluminum fumarate 

can be prepared using a convenient binder-based approach. The coating is evenly distributed 

among the aluminum fins of the HX and is mechanically stable. The equilibrium adsorption 

properties of the coating are comparable to those of the pure MOF adsorbent. Adsorption 

kinetics is very fast compared to conventional adsorbers, and the resulting cooling performance 

(2900 W at the beginning, 690 W average till 90% loading) is suitable from an industrially point 
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of view. Together with the inherent multi-cycle stability of microporous aluminum fumarate and 

the excellent long-term stability of polysiloxane coatings reported in the literature, these results 

clearly suggest that the technology has the potential for industrial application and can 

significantly advance sorption-based chilling. Further research should focus on the 

implementation of the coating process in a technical manufacturing line, corrosion issues and 

implementation of other MOFs for different boundary conditions, such as CAU-10-H or 

MIL-100. 
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