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The following theses are meant to summarize brieĚy the results that were
achieved in the process of this study.
1. The metal-organic frameworks MIL-100(Al), MIL-100(Fe), MIL-101(Fe),
MIL-110(Al),

H2 N-MIL-101(Fe),

H2 N-MIL-101(Al),

O2 N-MIL-101(Cr),

UiO-66(Zr), H2 N-UiO-66(Zr), UiO-67(Zr), H2 N-MIL-125(Ti) and microporous
aluminium fumarate were selected from the abundance of known MOFstructures according to their anticipated water sorption behavior. They were
prepared according to literature procedures, and structural properties and porosities have been investigated to prove accordance with literature data.
2. These materials were tested for their water sorption properties with special
regard to heat transformation applications. The equilibrium water sorption behavior was determined by isothermal and isobaric adsorption experiments.
From the water uptake at a specięc relative water vapor pressure p/pͲ, the suitability of the adsorbents under specięc, application-related boundary conditions was estimated. The diěerential heat of adsorption was also calculated. Ad/desorption multi-cycle stabilities were assessed. The most important results are
summarized in Table 1, which can be found at the end of the “Theses” section
on p. VIII.
3. MIL-100(Fe) was among the most promising MOFs, with a water uptake of
0.7 g/g at p/pͲ = 0.4, and a water capacity loss < 10 % for the ęrst 40
ad-/desorption cycles. Microporous aluminium fumarate (μp-AF) is also of high
interest, with a water uptake of 0.35 g/g at p/pͲ = 0.4, and a very beneęcial adsorption behavior under realistic isobaric conditions (adsorption at p/pͲ = 0.2 to
0.25 (1.2 kPa), desorption at p/pͲ = 0.45 to 0.3 (5.6 kPa)). Above all, no loss of
crystallinity could be noted, even after 4500 ad-/desorption cycles. While the
characteristics of MIL-100(Fe) surpass those of classic, inorganic adsorbents,
μp-AF is especially interesting from an economic point of view.
4. For the production of MOF coatings that meet the demands of heat transformation applications, the thermal gradient approach was developed, starting
with the example of HKUST-1 deposited at copper substrates. Polycrystalline,
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mechanically sturdy and fully accessible coatings of approx. 100 μm thickness
could be obtained from the precursors in one single step during a 2 h reaction at
ambient pressure. Structural investigation of the coating proves that adhesion is
mediated by an interim layer consisting probably of organic, polymeric maĴer,
copper hydroxide nitrate (rouaite) and cuprous oxide. Thermal conductivity
values surpass those of classical assemblies, such as packed-bed adsorbers, by
far. The coating is stable during 1500 ad-/desorption cycles each with MeOH
and EtOH vapor. First tests prove that the technology can be extended to 3D
structures, such as ęn coil tubes.
5. By substantially modifying the literature synthesis for μp-AF, capable coatings of this MOF with a thickness of 300 μm were obtained using the thermal
gradient approach. A fully permeable silicone resin layer was used as an additional protective coating. Water sorption measurements, successful multi-cycle
tests (4500 ad-/desorption cycles) and thermal conductivity measurements
prove the reliability and application-orientated value of these coatings.
6. Iron trimesate MIL-100(Fe) is among the most promising MOFs, not only for
heat transformation applications. So far, it can be prepared only by hydrothermal synthesis using heterogeneous reaction mixtures, which is expensive in an
industrial environment. An allegedly chemo-reductive pathway was established for the precipitation of crystalline MIL-100 from a homogeneous solution
at ambient-pressure, using a zeotropic DMSO/water mixture as a solvent. First
tests showed that a combined cathodic / thermal gradient route can be used for
the production of MIL-100 layers using metallic substrates.
7. The use of hardly soluble bases for increasing the yield of the synthesis of
MIL-101(Cr) was investigated using the examples of chromium(III) hydroxide
and magnesium hydroxide. However, the formation of amorphous by-products
was favored under these conditions.
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Table 1 Summary of water sorption properties of MOFs that have been examined in this
thesis. H2O load, p/pͲ range of the main water uptake and multi-cycle stabilities are classified from – – to ++ with regard to the applicational demands (“rank”).

H2O load |

H2O load

p/pͲ

Hydrothermal

Stability

p/pͲ isoth.

rank

rank

stability

rank

MIL-100(Al)

0.40 g/g |

+

+

40 cycles:

+

Al3(OH)(H2O)2O(btc)3

0.4

MOF Structure

MIL-100(Fe)

0.70 g/g |

Fe3F(H2O)2O(btc)3

0.4

H2N-UiO-66(Zr)

0.22 g/g |

Zr6O4(OH)4(H2N-bdc)6

0.3

H2N-MIL-125(Ti)

0.28 g/g |

Ti8O8(OH)4(H2N-bdc)6

0.2

p-AF

0.35 g/g |

Al(OH)(fum)

0.4

MIL-110(Al)

0.22 g/g |

Al8(OH)12[(OH)3(H2O)3](btc)2

0.2

H2N-MIL-101(Al)

0.40 g/g |

Al3Cl(H2O)2O(H2N-bdc)3

0.4

O2 N-MIL-101(Cr)

0.75 g/g |

Cr3(OH)(H2O)2O(O2N-bdc)3

0.50

UiO-66(Zr)

0.25 g/g |

Zr6O4(OH)4(bdc)6

0.4

UiO-67(Zr)

0.15 g/g |

Zr6O4(OH)4(bpdc)6

0.65

H2 N-MIL-101(Fe)

0.70 g/g |

Fe3(OH)(H2O)2O(H2N-bdc)3

0.9

MIL-101(Fe)

0.75 g/g |

Fe3(OH)(H2O)2O(bdc)3

0.5

–6.6 % load
++

+

40 cycles:
–6.4 % load

–

++

40 cycles:

–

–14 % load
–

++

40 cycles:

–

–8.6 % load
+

++

4500 cycles:

++

same load
–

+

not tested

+

+

H2O contact:

––

unstable
++

–

not tested

–

–

not tested

–

––

not tested

++

––

H2O contact:

––

unstable
++

–

20 cycles:
–60 % load

Abbreviations: btc = benzene-1,3,5-tricarboxylate (trimesate), bdc = terephthalate, fum = fumarate,
bpdc = 4,4ƍ-biphenyl-dicarboxylate.

+

––
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Introduction

In 2012, 70% of the ęnal energy consumed in German households was spent on
heating purposes. The total amount of energy corresponds to the fuel value of
3.7 · 107 metric tons of light fuel oil – the load of 148 supertankers, carrying
250,000 tons each.[1]

Figure 1 Distribution of final energy use in German private households in 2012.
Data origin: Federal Statistical Office of Germany, Wiesbaden 2013

Mainly because of the sheer amount of energy that has to be supplied, the energy mix currently employed for heating is far from renewable: So far, no “green”
technology has proved tantamount to fossil fuels in terms of availability, storage and handling convenience or cost eěectiveness. Consequently, at least
8.7 · 107 metrics tons of CO2 were emiĴed in 2012 solely for heating of German
homes.[2]
As the conversion eĜciencies of state-of-the-art condensing boilers are already close to 100%, the potential for further reduction of fuel consumption appears to be limited. In this context, passive measures, like optimizing insulation
or heater operation, are already implemented to a great extent, but it is also
clear that they will not be suĜcient to reduce dependence on fossil fuels signięcantly. Switching to electric heating, supplied by regenerative energy sources
seems another possible solution, especially because of the ongoing development

2

1

of electrically driven compression heat pumps (see Figure 2 for the energetic
Ěow scheme of a heat pump in general): Under ideal conditions, up to 75% of
the supplied heating energy Q is withdrawn from the environment in form of
low temperature heat Q at no cost.[3] From an energetic point of view, heatpumping is the most favorable way of producing domestic heat.

Figure 2 Comparison of energy flow schemes of a conventional heating system (a) and a
heat pump (b). a) Driving energy W (e.g., heat obtained by combustion of fuel) is directly converted into useful heat and heat loss Q = W– Q. Regardless of the energetic
efficiency, exergy is lost during the conversion from driving energy to mediumtemperature heat. b) A heat pump utilizes this decrease of exergy to lift (“pump”) lowtemperature heat Q to the medium temperature level, at which Q = W+ QȂ Q is
released.
The exergetic value is symbolized by colors (high, medium and low).

However, satisfying today’s electricity demands from regenerative sources
proves to be diĜcult enough. It is easy to imagine that climate protection targets in the future would be even harder to achieve with home-owners who rely
nation-wide completely on electric heating, thus at least doubling the current
electricity demand. A thermally driven heat pump, using heat instead of electricity
as the driving energy source Wǡ can overcome these drawbacks. Driving
heat can be obtained from combustion of gas, oil and biomass, but also from
district heating systems. The laĴer can be supplied, e.g., by combined heat and
power plants. Similar to electrically driven compression heat pumps, low temperature input heat Q may be withdrawn from the surrounding air, or, if available, from a low-temperature heat reservoir such as a nearby body of water, or
the ground.
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Apart from domestic heating, space cooling (“Air Conditioning”) poses another rising challenge for tomorrow’s energy landscape. The demand for active
cooling is likely to grow in temperate zone countries due to global warming.
With rising wealth, the demand for air conditioning is estimated to multiply, as
most emerging economies happen to be located in tropical or sub-tropical climate zones.[4,5]
Currently, air conditioning is realized almost exclusively with electrically
driven compression chillers, which are technically heat pumps based on the
principle in Figure 2. W is electricity, but low-temperature heat Q now
serves as useful cold, while Q is rejected to the environment, e.g., to the outside air. Even today, the total energy demand of such appliances is enormous,
as illustrated by the following example: The South of the US can be compared
to Germany in terms of economic development, population and the number of
dwellings,[6,7] but it is subject to a subtropical, humid climate. 129 terawaĴ hours
were spent for residential cooling in 2009, accounting for 21% of the total consumption of electricity.[8] In addition to emissions caused by power generation,
the engaged refrigerants, mostly haloalkanes, add a substantial share to global
warming when they are released as a consequence of leakage or during scrapping[9].
Air-conditioning units additionally strain the power grids due to their load
proęle: In a given region, most chillers are put into operation at the same time
of day with soaring outside temperatures. This is usually the case around noon,
when the demand for electricity is at its peak,[10] although the increase of photovoltaic power generation has somewhat softened the problem of matching supply and demand.
One example for the huge impact of AC units on the stability of power grids
was given in the summer of 2013 in South Korea. With 6 of the 23 nuclear power plants in the country temporarily shut down for safety reasons, the general
public was oĜcially ordered to turn oě AC devices when two more plants
failed – despite the ongoing hot spell with temperatures of up to 34 °C and the
injuries and deaths that came with it.[11]
Obviously, reliable, viable and both economically and ecologically sustainable alternatives for the generation of domestic cold are much-needed. The laws
of thermodynamics demand any continuously operating, cold-producing ma-
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chine to be implemented as a heat pump, as depicted in Figure 2, but they do
not limit the driving energy to electricity. Diěerent sources of driving heat can
be used for the operation of a thermally driven chiller:
– Waste heat: Due to the constant demand for electricity, combined heat and
power plants mostly operate all the year round, which means that a large
amount of heat ends up in cooling towers and rivers during the hot season.
A thermally driven heat pump installed in a building can be easily supplied,
using already existing district heating grids. Waste heat from other sources,
e.g., chemical processes or garbage incineration, can also be used.
– Solar heat: In the long run, the use of solar heat is elegant, not only because it
is carbon-neutral, but primarily due to the high accordance of radiation
supply and cooling demand.
– Combustion of biomass, gas or fuel oil can be used for covering peak loads or
in remote locations.
All of this demonstrates how thermally driven heat pumps can provide an elegant solution for both heating and cooling dwellings in the future, in a way that
is both economically sound and compatible with ecology.
At ęrst glance, realizing the corresponding technology from well-established
components using a thermo-mechanical set-up appears to be a straightforward
solution: Thermally driven heat pumps and chillers could be made by simply
aĴaching a conventional, mechanically driven compression heat pump to a heat
engine (like a steam turbine, or a Stirling engine). However, for domestic heating or cooling purposes, such assemblies are not economic: Small sizes induce a
bad economy of scale, and mechanical complexity renders them expensive and
subject to wear. Operational noise is also an issue. Above all, thermomechanical
setups are not suitable at all for the application of ”waste heat”, as this term deęnes thermal energy with an exergetic content (here, i.e. temperature) too low
to be reasonably transformed into mechanical work.
A more promising way for the realization of thermally driven heat pumps
and chillers is by use of sorption processes. The underlying, usually bi-phasic
working principle is based on the vaporization and simultaneous ad- or absorption of a working Ěuid, followed by desorption and condensation (see section 1.1.1 for details). The economic and ecological eĜciency, power density
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and range of operating conditions of this reliable and silent technology, however, directly relate to the properties of the available sorbents. Microporous adsorbents have proved particularly suitable. As they are already commercially applied in many other technical ęelds, a large selection of materials is available
also for the use in heat pump applications. However, their adsorptive characteristics are far from ideal. As a consequence, these adsorbents render corresponding heat pumps and chillers larger and more expensive than necessary and at
the same time less eĜcient than possible (see section 1.1.1).
Metal-organic frameworks (MOFs) constitute a relatively new class of microporous adsorbents. These crystalline, modular materials surpass all classical
adsorbents in terms of microporosity, structural variability and chemical versatility, and are hence expected to supplement or even replace zeolites, activated
carbons or silica gels in many technical applications in the future. There are
several reasons to assume that MOFs can also help to render adsorption heat
pumps and chillers more powerful, which turn at the same time more eĜcient
and less expensive.
This thesis covers the implementation of metal-organic framework adsorbents into sorption-based heat-pumping and chilling processes. The introductory section consists of the following parts: Firstly, the technological and historical
background of sorption-based heat pumps and chillers will be discussed (section 1.1). Secondly, there follows an introduction to the underlying molecular
process (section 1.2). Thirdly, currently available working Ěuids and microporous adsorbents, together with their advantages and drawbacks, are introduced in section 1.3. Fourthly, in section 1.4, the material class of metalorganic frameworks will be presented; history of their development, their structural details as well as current and prospective applications will be explained,
too. At last, in section 1.5, methods and models for the characterization of microporous adsorbents which were applied during this research project are introduced.
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Introduction to Sorption-based Heat Transformation

1.1.1 Working Principle and Working Cycle
Several processes for the realization of sorption-based chillers and heat pumps
have been developed in the past, but the underlying principle remains the
same. The centerpiece of any closed-system sorption-based heat pump or chiller
consists of a sorbent and a working Ěuid, referred to as the working pair.
Regardless of the actual design, sorption-based heat pumps/chillers typically
feature a 2-step process as depicted in Figure 3 and described below.

Figure 3 Working scheme of a sorption heat pump during the working step (a) and the
regeneration step (b). The amounts of energy assigned to each sub-process are in accordance with the labelling of Figure 2. Temperature levels are transliterated using different
colors (cold, medium, and hot). Adapted from ref.[12] by permission of the Royal Society of
Chemistry.

1. Working step: During the working step, heat is being lifted, or “pumped”
from a low-T temperature level to a medium-T level by the following process: In
a closed volume freed from inert gases, a working Ěuid is vaporized. Heat of
vaporization Q is consumed at a low temperature level. A sorbent with a high
aĜnity for the working Ěuid will remove the vapor from the equilibrium, releasing heat Qǡͳ at a medium temperature level. As long as the vapor is continuously removed from the equilibrium, the working Ěuid keeps vaporizing.
When the sorbent is saturated, the vapor pressure in the chamber will reach
equilibrium pressure, and the process will cease. Now the regeneration step has
to be initiated.
2. Regeneration step: Driving energy W is applied to the loaded sorbent in
the form of high-temperature heat Q. The working Ěuid is released, and va-
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por is conducted towards a condenser, releasing another share of medium temperature heat Qǡʹ. The condensed working Ěuid is re-fed to the evaporator,
and the next working step may be initiated.
In theory, one and the same device can serve both as a literal heat pump and as
a chiller, depending on the way it is connected to the load volume. For beĴer
performance and eĜciency however, a machine can be optimized for one of the
two applications by choosing appropriate working pairs (see section 1.3 for details). The heat Ěow for both applications is specięed in Table 2.

Table 2 Heat sources and heat sinks for sorption-based heat pumps and chillers, depending
on the direction of operation.

Symbol in
Figure 3

Heat of…

Heat pump mode:

Chiller mode:

source or sink, resp.

source or sink, resp.

Q

vaporization

from environment

useful cold

Qǡͳ

ad-/absorption

useful heat

rejected to environment

desorption

both cases: driving heat, externally supplied

Q
Qǡʹ

(“regeneration”) (solar/waste/district heat, gas burner…)
condensation

useful heat

rejected to environment

When comparing performance and eĜciency of heat pumps, one of the most
important ęgures of merit is the CoeĜcient of Performance (COP). For a thermally
driven heat pump, the COP specięes the ratio of energy output and driving energy input, while for a thermally driven chiller, the COP is deęned as the ratio
of useful cold and driving energy input.
1.1.2 History of Development
Many diěerent approaches for the implementation of sorption driven heat
pumps and chillers have been investigated during the last 200 years. The most
important diěerentiation evolved between adsorption and absorption heat
pumps: while adsorption heat pumps feature solid, microporous adsorbents
with high internal surface areas, absorption heat pumps contain mostly liquid
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sorbents in which the working Ěuid is physically dissolved and may even undergo chemical reactions. Both principles were thoroughly investigated in the
past: among the ęrst developments of functional sorption-based heat transformation appliances are the absorption ice makers and chillers developed in the
ęrst half of the 19th century by ScoĴish physician John Leslie and American inventor Jacob Perkins.[13] They used water as the working Ěuid and concentrated
sulfuric acid as the absorbent. Another important invention dates from 1823,
when Michael Faraday succeeded in liquefying ammonia, using a machine
based on silver chloride.[14] Until the mid of the 20th century, several other working pairs were investigated, mainly for the purpose of domestic and railroad
air-conditioning: ammonium nitrate/ammonia, silica gel/sulfur dioxide, silica gel/water, activated carbon/methanol, several systems based on (earth) alkaline metal halides/water, and, ęnally, water/ammonia, salt/ammonia, or ternary
systems such as salt/water/ammonia.[15]

Figure 4 Patent drawing of a silica gel/water adsorption chiller, dating from 1929:[16] “…an
improved method of refrigeration, employing apparatus as nearly-fool proof and reliable
as possible […], requiring minimum attention”.
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Sorption-based heat pumps fell into oblivion, when electricity, oil and gas became widely and cheaply available with the worldwide economic boom after
the end of World War II. Because of their high power densities, comparatively
low structural complexities and liĴle infrastructural needs, electrically driven
compression chillers ęnally took the lead when CFC-based, tailor-made refrigerants became widely available. Sorption based heat-pumps and chillers were
forced into niche applications, among which the diěusion refrigerator is probably
the one which is widest spread. The introduction of an inert carrier gas cycle to
the water/ammonia heat pump system permits the implementation of a continuously operating, self-regulating system which can be constructed without expensive precision parts, such as solenoid valves. Today, the principle is being
used world-wide for hotel room fridges, where the absolutely noiseless operation is appreciated, and for camping or in remote locations, as diěusion refrigerators can be designed to run on any high-temperature heat source, such as
gas, petroleum or gasoline burners, and, if available, electro-heat.[17]
With general ecological consciousness rising after the ęrst oil crisis of 1973,
and ęnally with today’s problems of depleting fossil fuel resources, increasing
energy prices and rising greenhouse gas levels, sorption-based heat pumps and
chillers are re-gaining more and more interest. Principles from the ęrst half of
the 20th century are now being reinvestigated with modern means. Unfortunately, many of the ancient working pairs inherently require high driving temperatures and are hence incapable to use waste heat, or suěer from bad eĜciencies
due to low conversion rates, or hysteresis phenomena.[18] The use of pressurized, hazardous substances, like ammonia, renders many theoretically possible
systems unfavorable for domestic use. Consequently, only a few of those systems made it into today’s markets: Lithium bromide/water absorption chillers
are available in a power range from 15 kW to 24,000 kW, and occasionally, ammonia-based systems are also applied in industrial environments, where facilities carrying pressurized ammonia are acceptable.[15,19] However, in the ęeld of
adsorption heat pumps and chillers, recent advances in materials sciences have
substantially promoted the development of solid, microporous adsorbents, and
a wide range of silica gels, zeolites or related materials is available for the use in
adsorption heat pumps (see also pp. 29 ě. for a detailed presentation of state-ofthe-art adsorbents).[20-22] As their adsorption characteristics vary in a wide range,
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a comparatively large area of applications can already be realized. Within the
limits set by thermodynamics, the capacity, sorption characteristics and thermophysical properties of the adsorbents determine fundamentally performance
and operating conditions of any thermally driven heat pump or chiller (see section 1.3.2).
Today, several manufacturers are commercially oěering solutions for domestic low or medium power applications, like heating and chilling of singlefamily homes – e.g., the Vaillant zeoTHERM ®, the Viessmann Vitosorp®, and several devices from the manufacturer SorTech®.

Figure 5 a) Model of the sorption module of a zeolite/water heat pump for domestic use.
At the bottom, the evaporator coil is visible, which is surrounded by water. The finnedtube heat exchanger is coated with a layer of zeolite adsorbent. b) Integration of sorption
module (bottom left), gas condensing boiler (top) as driving heat source and required
plumbing in one single appliance. The low-temperature heat source (geothermal probe) is
not shown.
Reproduced by permission of Viessmann GmbH & Co. KG.
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Viessmann, one manufacturer of a commercially available zeolite/water heat
pump, states a COP of approx. 1.15 - 1.25, depending on the desired output
temperature.[23] In other words, every kWh of fuel fed to the condensation boiler
is available for heating, plus another 15 - 25% from the geothermal probe. For a
state-of-the-art adsorption chiller operating under ideal conditions, a COP of
0.65 is stated by the manufacturer Sortech AG.[24] As will be explained in chapter 1.3, the adsorbent and its interactions with the working Ěuid play a fundamental role when it comes to the eĜciency and working conditions of a heat
pump or chiller.
Apart from mere heating and cooling applications, the development of solid
adsorbents has also advanced the implementation of open-Ěow air dehumidięcation systems, where outside air is brought in direct contact with adsorbents in
order to reduce its moisture content before being fed to the interior of a building. Artięcial dehumidięcation of supply air is a major issue in tropical climate
regions.[25] Current dehumidięers usually cool down the intake air to a temperature substantially below the dew point, thus withdrawing moisture by condensation. The air is then heated to the temperature which is actually desired. This
energy-intensive cooling/reheating process can be avoided by using sorptive
dehumidięcation. As an additional beneęt, thermal energy can be used instead
of electricity.
Adsorption-based energy storage is also in focus of research: Principally, an
adsorption heat pump can be interrupted just after the regeneration cycle is ęnished. The contained energy will be stored in a latent form (and, hence, lossless)
until heat or useful cold is needed and the next working cycle is initiated. Today, the most widely spread example for adsorption-based energy storage is
probably the CoolKeg®, a double-walled barrel housing an inner tank containing
beer, and a zeolite/water adsorption chiller in the wall (Figure 6).[26] The working cycle can be initiated at will by opening a valve and thus establishing a connection from the evaporator to the adsorber. Regeneration will be performed
after the barrel has been returned to the brewery, before reęlling.
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Figure 6 Structure of the CoolKeg® self-cooling beer barrel. The inner beer barrel (1) is
surrounded by the evaporator (4), a sponge-like structure containing liquid water. When
the valve (2) is opened, water vapor will diffuse to the adsorber (3) and is removed from
the equilibrium, causing more water to evaporate. Adsorption heat is released to the outer
wall of the barrel.
Reproduced by permission of Zeo-Tech GmbH.

The same principle is being investigated currently for short-term and seasonal
energy storage.[27] However, as sorption storage devices are intended to perform
only comparatively few cycles in their lifetime compared to adsorption heat
pumps and chillers, material demands are fundamentally diěerent and not
within the scope of this thesis.
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Fundamentals of Adsorption

This chapter is not intended as a comprehensive treatise on the physics of adsorption because this is well covered by corresponding literature.[28] The intention is to give a brief overview over the fundamentals of gas adsorption, which
crucially govern the behavior of every adsorption heat pump or chiller.[29] Apart
from the technical application, adsorption experiments are also highly important for the structural characterization of microporous materials (see p. 53),
and are therefore of double concern for this thesis.
1.2.1 Principle and Definitions
Diěerent and sometimes conĚicting vocabulary is used for describing adsorption phenomena.[30,31] In this dissertation, expressions are adapted as follows: the
term adsorption describes the process of a freely distributed substance (e.g., gas
molecules or atoms, dissolved molecules or ions), the adsorptive, accumulating
at the surface of a solid adsorbent, following an aĴractive potential (the adsorption potential). The adsorbed particles are denoted the adsorbate.
The expression physisorption is used to emphasize that adsorption is mediated by Van-der-Waals interactions instead of chemical reactions (chemisorption is
not relevant for the purpose of this work).
The range and strength of an adsorption potential strongly depend on the
nature of the adsorptive and the properties of the adsorbent surface, mainly the
respective polarities (polar and hydrophilic vs. non-polar and lipophilic): The
strength of the Van-der-Waals interaction scales with ݀ ିଶ (strong Keesom interaction for polar adsorbents and adsorptives), or with ݀ ି (weak London dispersion interaction for non-polar adsorbents and adsorptives).
Adsorption is an exothermic process, during which heat of adsorption, or adsorption enthalpy οH, is released. It is of the same order of magnitude as the
energy of condensation of the adsorptive, which it typically exceeds.[32]
Upon application of heat, the adsorption enthalpy is resupplied, inducing desorption. Because of the lower strength of the interaction between the adsorbate
and the adsorbent, physisorption can be reversed comparatively easily, and is
hence favored for heat transformation applications.
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Figure 7 Definition of the terms used for adsorption processes: adsorptive (1), adsorption
(2), desorption (3), adsorbate (4) and adsorbent (5).

Depending on the adsorptive, one and the same adsorbent can exhibit a totally diěerent adsorption behavior, even at low degrees of coverage, where the
micro-/mesoporosity phenomena that will be discussed in section 1.2.3 can be
neglected:
Non-polar adsorptives with comparatively small interactive forces (such as N2)
will form mono- and multilayers during adsorption, essentially regardless of
the chemical nature, polarity etc. of the adsorbent surface: The adsorption characteristics are primarily governed by pore structure and pore geometries of the
adsorbent. Hence, their behavior can be simulated using comparatively simple
geometric models, and corresponding experiments (as discussed in section 1.2.2, pp. 15 ě.) can in turn reveal valuable structural information (section 1.5.1 pp. 53 ě.).
When it comes to polar adsorptives such as water, short-chained alcohols,
ammonia etc., the inter-molecular forces are much stronger and more longranged. In uniformly hydrophilic materials, i.e. materials with polar or even
charged internal surfaces, mono- and multilayers can form as well. In heterogeneous adsorbents however, polar adsorbents will accumulate preferably at hydrophilic sites of the adsorbent, forming clusters of increasing size. From this
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behavior, the distinct water sorption properties of many inorganic adsorbents,
but also of metal-organic frameworks can be explained. Metal ion nodes,
charge-bearing sites and unoccupied coordination sites, can be considered highly hydrophilic, while the organic linkers are certainly hydrophobic.[33]
Finally, the kinetic diameter of an adsorbent molecule (e.g., water:
 = 0.26 nm)[34] has also to be considered, because the sizes of pores or window openings may also limit adsorption in microporous materials.
1.2.2 Adsorption Isotherms
The equilibrium sorption characteristics of adsorptive/adsorbent couples are
commonly investigated and reported with adsorption isotherms, which are used
to describe the following process: at constant temperature, an adsorbent placed
in an evacuated, closed volume is exposed to a stepwise increasing pressure of
the gaseous adsorptive. The amount adsorbed after reaching equilibrium is
monitored, and then ploĴed against the respective pressure. When the adsorbent is initially exposed to a high pressure of the adsorptive which is then
gradually decreased, desorption isotherms are obtained. Under certain circumstances, desorption occurs at a lower pressure than adsorption. This phenomenon is called desorption hysteresis (see section 1.2.3).
In many typical applications of adsorption isotherms, the applied pressure
values get close to the condensation pressure  of the adsorbent at the present
temperature. In such cases, the relative vapor pressure Ȁ is commonly used for
description of the abscissa. It is deęned as the fraction of the pressure at which
condensation of the adsorptive would occur at the given temperature.
Air humidity, usually indicated in percent values, is a demonstrative example.
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– Type H1 hysteresis loops are observed for uniform, mesoporous adsorbents
with a comparatively narrow pore size distribution. They can be interpreted
in such a way that during adsorption, capillary condensation occurs early,
i.e. at comparatively low relative loading,
– Type H2 hysteresis, on the other hand, is observed when the adsorption
mechanism diěers considerably from the desorption mechanism, and capillary condensation does not set in until pores are almost completely ęlled
(see also p. 18 f.),
– Type H3 hysteresis is found in adsorbents with slit-like pores, where no specięc “pore size” can be stated,
– Type H4 hysteresis is observed for microporous adsorbents with slit-like
pores.
Generally (and also in this thesis), adsorption isotherms are obtained and used
for two diěerent main purposes:
1. Application-related characterization: The loading lift of a heat pump adsorbent at given temperature levels can be predicted from the respective water
adsorption isotherms. They are obtained comparatively hassle-free and represent an important application-related ęrst ęgure of merit, as long as the
contrast to the isobaric application is not neglected (see p. 60). They also give
a ęrst hint about the water stability of the adsorbent.[33]
2. Structural characterization of porous materials: Nitrogen, argon, or, for special purposes, krypton or carbon dioxide isotherms, usually acquired at cryogenic temperatures, can reveal substantial information on the micro- and
mesostructure of an adsorbent because of the comparatively low adsorptive/surface interaction. Several mathematical models can be used for the
calculation of the pore size distribution or the internal surface area. Water
adsorption isotherms do also reveal valuable information about the internal
surface of the adsorbent, distribution of hydrophilic and hydrophobic domains or free coordinative sites.
Details on the adsorption characterization methods applied throughout this
investigation are given in section 1.5.
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1.2.3 Microporous and Mesoporous Adsorbents
In general linguistic usage, adsorbents that are porous on a sub-micrometer
scale are generally referred to as “microporous”. According to IUPAC classięcations, which are applied throughout this thesis, only adsorbents with pore
widths Pore < 2 nm are denoted as microporous, adsorbents with pore widths
Pore > 50 nm as macroporous, the remainder as mesoporous.[28] This classięcation
is based on those mechanisms of adsorption which typically apply for each of
these regimes. Adsorption mechanisms determine the equilibrium adsorption
behavior signięcantly, as will be explained in the following paragraphs.
Microporous adsorbents
In microporous adsorbents (Pore < 2 nm), the distance between opposite pore
walls is small enough for adsorption potentials to overlap in such a way that
the overall adsorption potential is increased, as illustrated in Figure 9.[35] The
smaller the pore sizes, the stronger is this eěect. The use of microporous adsorbents is also motivated by their high internal surface areas which are available
for adsorption. Many adsorbents, e.g., zeolitic materials, as well as many MOFs,
are microporous.

Figure 9 With decreasing pore diameters (dͳ > dʹ > d͵), the adsorption potentials V of opposite pore walls overlap, increasing in magnitude and finally forming a uniform potential
well. (V͵ > Vʹ > Vͳ).[35]

Mesoporous adsorbents
In mesoporous adsorbents (2 nm < Pore < 50 nm, e.g., in mesoporous silica, but
also in some MOFs, such as MIL-100 or MIL-101), the phenomenon of overlap-
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ping adsorption potentials is of much less inĚuence. Hence, “regular” monoand multilayer adsorption can be observed, like it is the case in non-porous solids, but with one substantial diěerence. It can be understood best when looking
at a mesoporous solid with cylindrically shaped pores (see Figure 10). During
adsorption, the adsorbate accumulates ęrst at the walls of the pore, forming
layers and/or microscopic “droplets”, depending on the strength of the physical
interaction (see p. 14 f.). At a specięc Ȁ value, the adsorbate layers and/or
droplets have grown large so as to touch each other and amalgamate. The adsorbate takes a diěerent shape, and a meniscus is formed for the minimization
of surface enthalpy.[36] This phenomenon, denoted capillary condensation, plays a
major role in mesoporous adsorbents. The curvature of the meniscus (see Figure 11) leads to substantial decrease of vapor pressure. Depending on the pore
shape, the rise of the adsorption isotherm is more or less steep in the moment
when the meniscus forms.

Figure 10 Theoretical course of adsorption in a cylindrical mesopore.[36] (ab) Adsorption
occurs on the surface, especially at strongly interacting sites. (bc) At one point, layers
touch and capillary condensation sets in, followed by fast pore filling due to meniscus formation. (cde) During desorption, the meniscus remains.
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Figure 11 Influence of surface curvature onto the interaction potential between adsorptive
and adsorbent. At a curved surface (b), the influence of neighboring adsorption sites onto
the overall potential is higher compared to a plain surface (a). The distance to neighboring
adsorption sites, which contribute to the overall adsorptive potential, is lower. As the
ሬሬറప scales with ݀ ିଶ or even with ݀ ି , influence of
strength of the Van-der-Waals interactions ܸ
ሬሬറప with the surface is substantial.
surface curvature onto the overall interaction σ ܸ

Quantitatively, the decrease of vapor pressure at curved surfaces is expressed
by the Kelvin equation:[30]

ʹܸߛܪ
ൌ  ൬െ
൰ǡ

ܴܶ

(1)

with adsorbate vapor pressure p, saturation vapor pressure pͲ, curvature of
surface H, surface tension ɀ, and molar volume V of the liquid .
For strongly interacting adsorbates like H2O, the curvature of the meniscus
depends on the hydrophilicity of the internal surface of the adsorbent, which
inĚuences the contact angleߠ.
During desorption, when the adsorptive (partial) pressure is reduced stepby-step, the meniscus will remain until the pores are emptied. Hence, desorption occurs at smaller partial pressures than adsorption in many mesoporous
adsorbents. This phenomenon is called desorption hysteresis. In thermally driven
heat pumps and chillers, desorption hysteresis is disadvantageous, as it raises
the regeneration temperature above what is thermodynamically required.
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Working Pairs: Matching the Boundary Conditions

While the fundamental process of a sorption-based heat pump or chiller has
been described on p. 6, the intention of this section is to explain the inĚuence of
adsorbent properties onto this process and onto performance and operating
range of any sorption-based heat pump. These correlations apply to both absorption and adsorption heat pumps. With regard to the scope of this thesis,
focus is put on the laĴer.
It is important to state that there is no such thing as an “ideal working Ěuid”, or an “ideal adsorbent”. The mechanism of interaction between the two of
them and the sorption characteristics resulting therefrom determine whether a
working pair is suitable for an intended application with its specięc boundary
conditions or not. The choice of potential working Ěuids is, however, limited for
practical reasons, as stated below.
1.3.1 Working Fluids
With regard to the working cycle of an adsorption heat pump, the ęgures of
merit for a working Ěuid can be deduced from its role within the process:[20,21,37]
Evaporation enthalpy: The higher the specięc vaporization enthalpy of a
working Ěuid, the higher the amount of heat which can be pumped during each
working cycle, assuming a given amount of adsorbent. The vaporization enthalpy of the working Ěuid thus relates directly to the COP, the manufacturing
size and the costs of a thermally driven heat pump or chiller. It is therefore the
most important ęgure of merit.
Melting point: The melting point of the working Ěuid should lie substantially
above the intended vaporization temperature. In case of freezing, the evaporator may be damaged. Heat transport properties within the solidięed working
Ěuid, as well as the kinetics of sublimation are insuĜcient.
Vapor pressure: According to the Clausius-Clapeyron relation, the boiling
point of the working Ěuid depends on the pressure inside the machine. The
presence of any other gas than the working Ěuid, such as ambient air, raises the
pressure inside the chamber. Although vaporization is still possible in such a
case (evaporation instead of boiling), the rate will drop drastically. The lower
the vapor pressure of a working Ěuid, the higher is the technical complexity
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required to permanently maintain the vacuum inside the chamber. Vapor pressures  > 101.3 kPa at the respective evaporator temperatures are usually preferred, as ambient air cannot enter the system. Boiling retardation is also less
likely to occur the higher the equilibrium pressure is.
Chemical inertness: The working Ěuid is subject to high desorption temperatures under the inĚuence of potential catalysts, such as copper, chromium,
nickel or other metals contained in the vessel and plumbing. Thermal or catalytic decomposition of the working Ěuid is likely to yield gaseous products, which
can lead to the problems mentioned above. The other way around, the working
Ěuid must not corrode machinery, nor react with the adsorbent itself (see also
p. 27).
Toxicological and environmental harmlessness: Especially for domestic usage,
the risk potential regarding the accidental release of working Ěuid has to be
manageable. This holds true especially for low-boiling substances, which may
immediately evaporate upon leakage. Also, environmental hazards like bioaccumulation, ozone depletion or global warming potential have to be taken into
account.
For modern adsorption heat pumps and chillers, plain water has become by
far the most popular working Ěuid, despite the need for vacuum-proof appliances caused by the low vapor pressure of only 3.17 kPa at 25 °C.[38] This can be
aĴributed to its toxicological harmlessness, but mainly to the unsurpassed
evaporation enthalpy of 2440 kJ/l at 25 °C.[39] As the laĴer is caused by the density and strength of intermolecular H-bonds in the liquid phase, a consequence is
that the number of alternative compounds reaching similarly high values is limited. Short-chained alcohols (typically methanol and ethanol) appear as an interesting alternative, also because of the lower boiling points, which allow for
evaporator temperatures < 0 °C.[21] The use of ammonia in domestic applications
is not easy to realize, while highly hazardous substances like hydrogen cyanide
are completely out of discussion, despite their often advantageous thermodynamic data (see Table 3). Finally, refrigerants that are typically employed in
compression chillers, such as HFCs, have also been examined for the use in
sorption heat pumps, despite their low enthalpies of evaporation. The intent
was to make use of the large amount of experience gained with these Ěuids, and
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the prospect of adding a thermally driven compressor unit to existing, electrically driven, compression cooling facilities is a big advantage.[40]
In the scope of this thesis, focus was also put on water as a working Ěuid.

Table 3 Potential working fluids and relevant thermodynamic data.[38,41]

Working fluid
Water[39]
H2O
Methanol
CH3OH
Ethanol
C2H5OH
Ammonia[42,43]
NH3
Sulfur dioxide
SO2
R-134a[44]
F3C-CH2F

Heat of vaporizaa

Freezing point at

Vapor pressure at 25°C

tion at 25°C

101.3 kPa

2440 kJ/l

0 °C

3.17 kPa

937 kJ/l

-98 °C

17.0 kPa

735 kJ/l

-114 °C

7.95 kPa

724 kJ/l

-78 °C

1003 kPa

502 kJ/l

-73 °C

392 kPa

249 kJ/l

-101 °C

572 kPa

1.3.2 Microporous Adsorbents: Demands and Figures of Merit
When a working Ěuid has been selected for a specięc application, a matching
adsorbent has to be found. Adsorbents for heat transformation applications
must match several general specięcations, which arise from the working principle of adsorption heat pumps and chillers, and from the physics of adsorption.
Compared to other ęelds like catalysis, gas drying and separation, or adsorptive purięcation of gases and liquids, heat transformation is a relatively
minor application for microporous materials. Consequently, heat transformation adsorbents were rarely developed on purpose, but were adapted from
other ęelds of application. Selection of materials is governed by the specięca-

a Volumetric heat of vaporization has been calculated from the gravimetric heat of vaporization

at 25°C, and the density of the liquid at 25°C.
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tions that arise from the working principle of adsorption heat pumps and chillers, the physics of adsorption and the choice of the working Ěuid. On the following pages, more details are given on these specięc demands.
Porosity and working fluid capacity
The adsorbent has to be heated from the medium temperature level to the high
temperature level for each regeneration cycle. After regeneration is ęnished,
this share of sensible heat may be reused to some extent, or may be transferred
to the medium temperature level. The amount of heat that is pumped from the
low to the medium temperature level relates directly to the evaporated and adsorbed amount of working Ěuid, whereas the sensible share of driving heat that
has to be invested depends on the total mass of the loaded adsorbent (and on its
heat capacity). The higher the porosity, the less the amount of necessary adsorbent, and the less the sensible share of driving heat that has to be invested. For
the same reason, the operational mode of a thermally driven heat pump or
chiller strongly favors adsorbents with narrow pore size distributions.
Adsorption/desorption characteristics
Temperature levels specięed by the intended application should remain in a
narrow range over the whole working cycle. This means that the corresponding
evaporator pressure level should remain constant as well.
Consequently, only a small range of the whole Τ range can be used for
adsorption (typically 10-15 %), and the share of the loading lift in this pressure
range should be as high as possible. Assuming that water is to be used as the
working Ěuid, the characteristics of an ideal adsorbent can be obtained directly
from the water vapor pressure curve (for diěerent working Ěuids or working
conditions, these calculations apply accordingly).
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Figure 12 Saturation vapor pressure curve of water.[41]

For a sorption heat pump or chiller based on the principle depicted in Figure 3,
p. 6, the following relationships can be established:
– evaporator pressure p = vapor pressure of the working Ěuid at the available
(heat pump) or desired (chiller) low temperature level
– condenser pressure p  = vapor pressure of the working Ěuid at the desired
(heat pump) or available (chiller) medium temperature level.
The working cycle can now be deęned by connecting these two parameters to
the three present temperature levels:
– high temperature level (desorption temperature T),
– medium temperature level, at which heat is released to the environment
(chiller) or as useful heat (heat pump) at T, and
– low temperature level, at which the working Ěuid evaporates, taking up heat
as useful cold (chiller) or from the environment (heat pump), at T.
In the case of thermally driven chillers, the following temperature/pressure levels are generally seen as realistic, application-related values:[22]
1. Useful cold is to be supplied at T ൌ10 °C, a typical ęgure for a domestic
water chiller. When water is used as the working Ěuid, this correlates to a
vapor pressure of 1.2 kPa (see Figure 12).
2. For the medium temperature level T, where heat of adsorption and
heat of condensation can be dissipated, a heat sink at 25 °C ǂ T ǂ 35 °C is
typically available (e.g., outside air heat exchanger). This corresponds to a
vapor pressure of up to 5.6 kPa.
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3. The driving temperature T depends on the available heat source. If solar collectors are used, 70 °C (Ěat collectors) up to 130 °C (vacuum tube collectors) are realistic values.[45] District heating also yields steam at 130 °C.[46]
The corresponding vapor pressure lies in the range of 31.2 kPa to 270 kPa.
Desirable equilibrium adsorption properties can be deduced from temperature
levels as follows: During adsorption at 10 °C (working cycle), vapor pressure in
the evaporator (1.2 kPa) has to be maintained. At the same time, the adsorber is
connected to the medium temperature level, at which vapor pressure lies between 3.2 kPa and 5.6 kPa. Hence, loading of the material is supposed to occur
at a relative water vapor pressure of
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During the regeneration cycle, the water vapor pressure of the condenser
(3.2 kPa to 5.6 kPa) is present, against which desorption is supposed to take
place. The adsorber itself can be heated to a driving temperature of
70 °C ǂ T ǂ 130 °C. This corresponds to a vapor pressure between 31 kPa and
270 kPa: desorption will take place if the substance-related relative desorption
vapor pressure is
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The adsorption isobars that correspond to these characteristics are depicted in
Figure 13.
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Figure 13 Water adsorption characteristics of an adsorbent usable in a thermally driven
chiller with the boundary conditions stated in the current section. a) Depending on the
temperature of the heat sink, adsorption should occur at 0.21 d p/pͲ d 0.38. b) Depending
on the temperature of the driving heat source and the heat sink, desorption should occur
at 0.01 d p/pͲd 0.18.

In reality, a characteristic desorption vapor pressure higher than depicted in
Figure 13 is desirable: From a technical and energetic point of view, the necessary driving heat temperature should be kept as low as possible, which means
that desorption hysteresis should be small, or even inverse. Under realistic, isobaric working conditions, such a negative pseudo-hysteresis is thermodynamically permiĴed, as T ε T. It can be observed for several modern adsorbents
(see p. 31).
Multi-cycle hydrothermal stability
Depending on the boundary conditions, the kinetics of contemporary adsorption heat pumps and chillers permit adsorption-/regeneration cycle times of
about 8 minutes.[47] Assuming a target service life of at least 15 years for an adsorption heat pump or chiller at 50 % utilization, the adsorbent will have to
withstand hundreds of thousands of adsorption/desorption cycles without substantial damage. Apart from mechanical stress by alternating capillary forces,
the adsorbent is also subject to chemical stress. The chemical reactivity of many
working Ěuids contributes to the decomposition of adsorbents. Water has
proved to be an especially problematic adsorptive in this context: Extraordinarily strong intermolecular interaction leads to high capillary forces. Due to strong
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nucleophilicity of the H2 O molecule, many adsorbents will be subject to chemical alteration, structural decay, or decomposition. For adsorbents that can be
retrieved from aqueous synthesis mixtures, a certain degree of hydrothermal
stability can be anticipated. However, the stability towards cyclic thermal and
mechanic stress is a diěerent issue and has to be investigated separately.
In metal-organic frameworks, hydrothermal instability usually originates
from nucleophilic cleavage of the coordinative bond between the metal ion(s)
and the linker molecule, and can be estimated from chemical structure and
metal-ligand binding energies.[48]
Shaping for kineticsb
In a thermally driven heat pump or chiller, evaporation and condensation processes are fast compared to adsorption and desorption. Consequently, the maximum power of the device depends proportionally on how much working Ěuid
can be adsorbed and desorbed per time.
Sorption kinetics is governed by two main aspects,[50] the ęrst being
mass transport towards and away from the adsorption site by inter- and intracrystalline transport phenomena, which are subject to the laws of molecular,
Knudsen or surface diěusion. Possibilities for improvement include, among
others, decreasing diěusion path lengths, for example by employment of nanocrystals, and by optimization of the outer surface of the adsorber.[51]
The second, even more important aspect is conveyance of the heat of adsorption,
which is deęned by the thermal conductivity of the adsorbent and thermal coupling between adsorbent and heat exchanger. State-of-the-art adsorption heat
pumps and chillers feature either packed-bed or coated heat exchanger concepts. Upon the transition from silica gel to zeolites with their working Ěuid
uptakes in the range of 0.2 to 0.4 g/g, coated heat exchangers prepared via direct
crystallization have proved superior to packed beds.[22],[52-56] The capacity of
MOF-based adsorbents is generally much higher, which means that they require even more to be shaped into comparatively thick (100-200 μm with cur-

b This section has been literally adapted from the section “Shaping for optimized heat and mass

transport” in ref. [49], part of this cumulative dissertation and wriĴen by the author.
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rent heat exchanger geometries), sturdy, thermally well coupled and fully accessible coatings if you want to take full advantage of their potential.
1.3.3 Technical Micro- and Mesoporous Adsorbents
Many classes of microporous adsorbents have been tested for the use in thermally driven heat pumps and chillers in the past. Activated carbons, silica gels,
zeolites and zeolite-like materials were profoundly investigated, while results
on the suitability of MOFs for heat pump applications are still scarce.[9,11,22,57-59]

Figure 14 Optical images of granules from silica gel, activated carbon and zeolite Y, together with their typical water adsorption isotherms (20°C, Images 10 x 10 mm²).

In this section, a short overview on classical adsorbents, their advantages and
drawbacks is given.
Silica Gels
Chemically, silica gels can be regarded as a microporous modięcation of partially hydrated, amorphous silicon dioxide. Typically, these xerogels are synthesized either from sodium silicate, or from alkoxysilane precursors via the
sol-gel route.[60,61] Silica gels are known as single-use drying agents, for example
in electronic packaging, but due to their comparatively dense and sturdy structure and chemical inertness, the cycle stability is also excellent. The porosity of
silica gels reaches values of up to 0.5 cm³/g, while their pore size distribution is
quite broad. This also leads to a very broad adsorption pressure range and the
largest share of the loading lift typically lies beyond the usable range. Silica gels
are used in most state-of-the-art adsorption heat pumps/chillers,[24] and much
work was performed on their optimization for this purpose.[62-64] Optionally, a
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large share of SiO2 within the structure can be replaced by Al2 O3 , leading to
diěerent adsorption properties. Mesostructured, mesoporous (organo-)silica
materials with narrow pore size distributions (e.g., MCM-41) can also be produced via several template-based sol-gel routes, and can also contain substantial amounts of Al2 O3 .[65] Due to the comparatively large pore diameters of these
materials (typically > 2 nm), adsorption occurs mostly at high p/p0 values. Inherent chemical variability, however, leaves a lot of room for improvement, for
example by post-preparative addition of charged surface groups. Due to their
high porosities, these materials are subject to very strong capillary forces during
desorption, less stable than silica gel, and therefore not employed for adsorption heat pumps currently.[66-73]
Activated Carbons
Activated carbons can be prepared from organic feedstuě (typically carbonized
hard wood or mineral coal), which is activated by hot reactive gases (H2 O or O2
at T > 600 °C), or, occasionally, via a diěering chemical route. Activated carbons
are inexpensive, and at the same time highly porous. Due to the purely organic
nature of the material, the internal surface is, however, comparatively hydrophobic. Consequently, activated carbons are mainly used for the removal of
organic impurities, e.g., from drinking water and supply air for buildings, for
wastewater purięcation, but also for medicinal purposes or in chemical synthesis. However, for heat pump applications, water cannot be employed as a working Ěuid without further hydrophilization of the activated carbon. Furthermore,
the comparatively broad pore size distribution leads to a broad adsorption
pressure range, which is not desired. Nevertheless, thermally driven chillers
using activated carbon, preferably in combination with methanol or ammonia,
are being developed continuously and due to low primary energy input required for manufacturing, activated carbons are also of high interest for adsorption-based heat storage.[40,52,53,58,74-76]
Zeolites and Zeotypes
This large group of crystalline (alumino-)silicates comprises a considerable
number of members with pore sizes and pore volumes large enough to be considered for heat transformation applications, e.g., Zeolite A, or the faujasites

Introduction

31

Zeolite X and Y.[77] Zeolites are composed of vertex-sharing ሾSiO4 ሿ and ሾAlO4 ሿି
tetrahedrons connected in such a way that a crystalline structure, which forms
channels and cavities with diameters of 0.3 to 1.5 nm, is obtained.[78-81] Fortyeight diěerent zeolites have been found to occur naturally, but when high purities and porosities are desired, synthetic zeolites are preferred – also because
another 150 structures that are not found naturally can be obtained this way.[82].
Unfortunately, zeolite synthesis sometimes requires the use of (expensive) templates like quaternary ammonium salts. Due to the generally high hydrophilicities, narrow pore size distributions, and porosities of up to 0.4 cm³/g, zeolites
have been extensively studied for heat transformation and storage applications.[22,76,83] The early rise of the adsorption isotherm/isobar allows for low
evaporator temperatures, but it also requires correspondingly hot driving temperatures. Hence, zeolites are the materials contemporarily used in commercially available adsorption heat pumps driven by combustion heat.[22,23] Similar to
silica gels, the hydrophilicity of zeolitic adsorbents depends on theSiO2 /Al2 O3
ratio: The more ሾSiO4 ሿ tetrahedrons are replaced by ሾAlO4 ሿି tetrahedrons, the
higher the number of negative charges in the framework. The laĴer have to be
balanced by counter ions (H+ , Na+ , K+ , Caʹ+ ǥ), which add substantially to polarity and hence, hydrophilicity of the respective frameworks.[57] The main
commercial applications of zeolites are the use as solid, acidic cracking catalysts
in petrochemistry, as ion exchangers for water softening, but also for adsorption-based separation processes: the components of gaseous mixtures are separated either by the diěerent strength of the interactive forces, or by their molecular size, using zeolites with specięc pore (window) diameters.[82]
Synthetic aluminophosphates (AlPOs) with the empirical formula AlPO4 can be
compared to neutral, pure-silica zeolites. An AlPO framework typically consists
of half and half tetrahedral ሾAlO4 ሿି and ሾPO4 ሿା building blocks, so that charges
balance each other out. In a way similar to zeolites, negative charges can be introduced into the framework by (partially) replacing ሾPO4 ሿା by ሾSiO4 ሿ building
blocks, creating a silico-aluminophosphate (SAPO).[22,82] Correspondingly, positively charged frameworks can be obtained by substituting ሾSiO4 ሿ for ሾAlO4 ሿି , but
such materials are hardly explored.[50] SAPOs and AlPOs adopt zeolite-like
structures. For example, well-known SAPO-34 adapts the structure of chabazite,
and the loading step of the water sorption isotherm can be shifted to lower Ȁ
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values by increasing the Si/Al ratio. In many AlPOs and SAPOs, isobars acquired under realistic working conditions (adsorption at 1.2 kPa, desorption at
5.6 kPa, see p. 24 ě.) are characteristically shifted, with desorption taking place
at higher Ȁ values than adsorption does.[22] This behavior renders AlPOs and
SAPOs very valuable for heat transformation applications (see p. 27). Their
broader use is, however, impeded by high costs of obligatory solvothermal/hydrothermal syntheses that usually demand the use of (expensive) template compounds. Recent developments of in-situ crystallization methods can
somewhat aĴenuate this drawback, as functionally coated heat exchangers can
be prepared from the precursors in a single step, although the template is still
required.[51] Structurally, zeolites and zeotypes are certainly the class of microporous adsorbents that relate closest to MOFs.
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Metal-Organic Frameworks

Among recent developments in the ęeld of microporous adsorbents, metalorganic frameworks (MOFs) are certainly the material class that is currently receiving the largest share of scientięc aĴention. This can be aĴributed mainly to
their unprecedented internal surface areas, pore volumes and sharp pore size
distributions coupled with an inherent chemical and structural variability. In
almost every ęeld of application for classic microporous materials (materials
like those mentioned in section 1.3.3), researchers hope for substantial advancements by employing MOFs. This holds true especially for applications
which inherently require very high porosities and internal surface areas in order to become viable or economically successful, such as gas storage – or heat
transformation. In this chapter an overview on development, varieties, chemical
and structural properties of metal-organic frameworks is given.
1.4.1 The Concept of Reticular Chemistry
The micro- and mesoporous materials introduced as “classic” adsorbents on
p. 29 ě. share one common concept: pores can be deęned as voids in a bulk material, with their wall consisting of an either crystalline (zeolites and zeotypes)
or amorphous (activated carbon, silica gel) solid. Theoretically, porosities and
specięc internal surface areas of such materials can be further increased by
making pore walls thinner and thinner, e.g., by reęnement of synthetic means,
until wall thickness reaches the molecular scale. The development of aerogels
(by contrast with xerogels) is an excellent example for such an approach – but
also for its limits: it is well known that these materials will, despite their otherwise tremendous properties, collapse and turn back to xerogels when subject to
capillary forces, like those occuring upon evaporation of a classical, sub-critical
solvent.[84,85]
The concept of reticular chemistry (lat. reticulum = small net) circumvents
these structural limitations by following a diěerent approach, where porosity is
consequently built up from the molecular scale. This concept limits the thickness of every pore wall to the width of one wall-forming molecule, and consequently increases porosities and internal surface areas to the maximum. The
concept of reticular chemistry has been named as such by Yaghi in 2003,[86,87]
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and subsequently, metal-organic frameworks have proved as a powerful, feasible, versatile and at the same time certainly most popular instrument for its realization.
Reticular, yet purely inorganic and non-porous compounds have been,
however, known for a much longer time – dating back at least to the beginning
of the 18th century, when the German chemist Georg Stahl published the ęrst
synthesis procedure for insoluble Prussian Blue (FeIII4[FeII(CN)6]3 x 14 H2O)ǈ.[88]
This pigment is readily available via a precipitation reaction from aqueous solutions of potassium ferricyanide and from an FeIII salt. The crystal structure of
Prussian Blue, as published 250 years later, revealed a 3D cubic framework,
with its edges consisting of linear FeII-C-N-FeIII charge-transfer chromophores,
with a quarter of the FeII sites remaining unoccupied (see Figure 15). Water
molecules are coordinated at the free FeIII coordinative sites.[89,90]

Figure 15 Unit cell of (deuterated) Prussian Blue FeIII4[FeII(CN)6]3 x 14 D2O, resolved from
neutron diffraction studies.[90]

FeIII,

FeII,

O,

D2O, Ȥ D. A metal-organic framework

would bear organic linker molecules instead of the cyanide bridges, leading to larger cage
sizes and, hence, microporosity.
Adapted with permission from Inorg. Chem. 1980, 19, 956-959. © 1980 American Chemical
Society.

Systematic development of coordination polymers as host compounds started
with the discovery of a crystalline NiሺCNሻ2 (NH3 ) network encapsulating benzene molecules in 1897.[91] The structure of this so-called Hofmann clathrate
complex was resolved in 1954,[92] and consequently modięed in a lot of ways:
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For example, replacing NH3 with half an equivalent of a ditopic, organic amine
such as pyrazine, 4,4’-bipyridine or p-phenylenediamine yielded a similar, yet
wider structure that permiĴed also the selective encapsulation of larger aromatic compounds such as naphthalene or anthracene. Thus the chemical variability of such coordination polymers had been impressively demonstrated.
Without being named as such, the ęrst real MOF – a metal-organic coordination
polymer maintaining porosity upon removal of the guest molecule – was not
reported until 1965.[87] Tomic reported the synthesis of zinc 1,5-dihydroxynaphthalene-2,6-dicarboxylate hydrate, which was found to release one equivalent of water upon heating to 220 °C without decomposition.[93]
Research in the ęeld of porous materials remained focused on zeolites, aerogels and activated carbons up to the presentation of highly microporous zinc
terephthalate “MOF-5” by Li and Yaghi, with a BET surface area of Sƿ 4000
m²/g, deęning the term “metal-organic framework” in 1999.[94,95] A series of
structurally similar compounds with increasing pore sizes (isoreticular MOFs)
has also been obtained by the use of elongated linker molecules (see p. 38).[96]
The performance of metal-organic frameworks and their prospects for numerous applications were ęnally recognized, and today, metal-organic frameworks
are in the focus of research, leading to more than 20,000 known structures in
2013.[97,98] In the last years, application-oriented research gained more and more
aĴention,[99] and a selection of MOFs was ęnally made commercially
available.[100] General binding rules for the nomenclature and systematic classięcation of metal-organic frameworks and related compounds, as well as for the
correct use of termini have, however, not been established yet.[101] In the Yaghi
group, MOFs are simply named “MOF-XYZ” with an ascending number. Other
groups prefer an abbreviation for the institution where the synthesis was done
with an ascending number, perhaps followed by the element symbol of the respective node ion (e.g., MIL-100(Fe) for “Material du Institut Lavoisier No. 100,
with iron-based nodes”). The use of formulas containing the metal and an abbreviation for the employed linker(s) has also established, e.g., [Zn(ndc)(bpe)0.5]
(ndc = 2,6-naphthalenedicarboxylate, bpe = 1,2-bis(4-pyridyl)-ethane).[102]
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1.4.2 Structural Properties
As a general rule, MOFs consist of metal ion nodes, connected by at least ditopic
organic ligands (linkers), generating a network with permanent 1D, 2D or 3D
microporosity.
Metal ions mostly come from the transition metal or d-block elements, such
as Ti4+, Zr4+, V3+, Cr3+, Mn2+, Fe3+, Ni2+, Cu2+, Zn2+, Cd2+, some from main-group
metals such as Mg2+, Al3+ or Ga3+, and few from the lanthanoide and even actinoide series. Solitary metal ions or dimers can serve as nodes, but more commonly, they form tri- to octanuclear complexes, which then also contain bridging
oxido or hydroxido anions. Together with their immediate carboxylate group
from the linker, these oligonuclear metal nodes are named inorganic secondary
building units (SBUs), which is an expression adapted from zeolite chemistry.
Structurally identical nodes (and MOFs) can be obtained from diěerent metal
ions (see Figure 16.4).
Inorganic SBUs feature distinctive coordination geometries, which remind
us of those known for typical transition metal complexes. A few common examples for such geometries, as stated by Yaghi et al.,

[86]

are given in Figure 16.

Virtually any coordination geometry known from regular metal complexes has
successfully been applied to MOFs in the last decade (see p. 133 f. in Ref.[91]).

Introduction

37

Figure 16 Inorganic SBUs commonly found in ditopic carboxylate MOFs (O red, N green, C
black, metal polyhedra blue) and the coordination geometries adapted by the ligands (OC-O entities). 1: Tetrahedral single-ion SBU can be found e.g., in Cd2+ centered MOF-32[103];
2: Square coordination geometry is known from the binuclear “paddle-wheel” node in
copper trimesate HKUST-1 (Cu3btc2 or “Cu-BTC”);[104] 3: M4O nodes with octahedral coordination geometries can be found in many zinc carboxylates such as MOF-5 and the IRMOF
series;[86] 4: Their highly porous, cage-like structures of e.g., MIL-100[105-109] or MIL-101[110-112]
emerge from Cr3O, Fe3O, Mn3O, V3O, or Al3O nodes (trigonal prismatic coordination geometry).
Image adapted from Nature 2003, 423, 705-714 by permission of Macmillan Publishers Ltd.

Inorganic node SBUs are connected by organic linkers, which commonly consist
of rigid, multitopic ligand molecules, taken from the group of bi-, tri- or tetratopic carboxylates, amines, or, less often from phosphonates or sulfonates.[113]
Monotopic carboxylates may also serve as bridging linkers (M-O-C-O-M), e.g.
in magnesium formiate and manganese formiate MOFs.[114,115] The backbone of
MOF linkers is mostly rigid (often aromatic or oleęnic), so that a structurally
stable, crystalline network with persisting porosity can be obtained. Anionic
linkers, such as carboxylates, can balance the charge of the cationic nodes. Otherwise, additional counter-anions are present in the structure, in a way similar
to charged-framework zeolites (see p. 30 f.). In one or two dimensions, metal
nodes may additionally be connected through small, inorganic μ-anions such as
oxide, hydroxide or Ěuoride. Most MOF structures are composed of only one
type of metal and linker, but some mixed-metal and mixed-linker MOFs are
known, too.[116-119] Diěerent ligand groups may also be present within the same
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linker m
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unctionalized) terephthaalate (3); triorganic frameworkss: formiate (1);
henylenediccarboxylate ((5); pyrazine
e (6); 4,4’-bipyridine (7);; 2,4,6-tris(4mesate (4); 4,4’-biph
ne (8); 1,2-bis(1,2,4-triazzol-4-yl)etha
ane (9); 2-me
ethylimidazo
olate (10a)
pyridyl)--1,3,5-triazin
and 3-m
methyl-1,2,4-triazolate (1
10b).
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carboxy
ylate IRMO
OFs,[96] or zirconiumz
-based UiO
O series,[121]] the laĴer being inveestigated
d in this theesis (see p. 83 ě.).
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Directional growth of the framework is determined by the coordination geometry of the metal nodes and by steric and ligand properties of the linker. While
the solvent often serves as a template, dedicated template additives are not required for the synthesis: typically, MOF growth is a self-organized crystallization process (see section 1.4.3 for details).[122]
Dimensionality of the […node-linker-node…] connections
According to a suggestion by Yaghi,[86] metal organic frameworks are commonly classięed according to the dimensionality of the inęnite […node-linker-node…]
connections. Said dimensionality also relates to the spatial extension of the
voids[123] (although in a strict deęnition,[101] MOFs have to be 2D or 3D networks):
–

0D MOFs are (no maĴer how large) discrete complexes, comprising one or
more voids. The dimensions of 0D-MOFs are ęnite in every spatial direction.

–

A 1D MOF can extend to inęnity in one single direction. Porosity is caused
by voids generated upon stacking of the 1D chains.[124] Pores in 1D-MOFs
are typically channels (“1D pores”).

–

In 2D MOFs consisting of stacked or inęnite layers, porosity is caused often
by channels generated by pillared windows. The voids in layer-like 2D
MOFs are also layer-like.

–

In 3D MOFs, porosity is controlled by the node/linker coordination geometry. The inęnite coordination network extends over all three spatial dimensions. Isolated, inaccessible 0D pores or cage-like 3D pores (intersecting
channel networks), which are similar to the pores found in zeolites, are
generated by assembly of the building blocks. MIL-101 or MIL-100 are
prominent examples.

Examples for 0D, 1D, 2D and 3D MOFs are given in Figure 18.
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Figure 18 Examples for 0D, 1D, 2D and 3D MOFs according to Yaghi.[86] Each of the shown
compounds features the [M2L4] paddle wheel node, but different linker geometries. (0D:
copper isophthalate MOF-1, 1D: copper carboxylate MOF-222, 2D: zinc terephthalate MOF2, 3D: copper bromoterephthalate MOF-101). Yellow spheres inside the 0D and 3D structures symbolize the void.
Image adapted from Nature 2003, 423, 705-714 by permission of Macmillan Publishers Ltd.

Dimensionality of the inorganic sublattices
In 2008, Férey suggested to consider dimensionality of the inorganic sublaĴices
instead of dimensionality of the […node-linker-node…] network, as depicted in
Figure 19.[125] This concept is very useful for the categorization of complex structures of several MIL-type MOFs, which may contain inorganic 1D-chains, 2Dgrids or 3D-networks. It is important to note that the two diěerent concepts
must not be confused.
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Figure 19 Examples for 0D, 1D, 2D and 3D MOFs according to Férey. Dimensionality refers
to the connectivity of the inorganic sub-networks.
Adapted from Ref.[125] by permission of the Royal Society of Chemistry.

Depending on the conditions of synthesis (see section 1.4.3), diěerent structures
can be obtained from the same metal ions and linker compounds: Three isomeric structures are known for microporous aluminium trimesate (MIL-96,[126]
MIL-100[105] and MIL-110[127]). Well-known copper trimesate HKUST-1 can be
easily synthesized,[104,128] but under diěerent reaction conditions, a non-porous
1D coordination polymer may also result.[129] Just by slight variation of the synthesis parameters, three diěerent iron aminoterephthalate MOFs (H2N-MIL-53,
H2N-MIL-88B and H2N-MIL-101), as well as one X-ray amorphous phase, are
obtained.[130] Today, it is generally recognized that the purposeful “design” of
MOF structures is somewhat impeded by the diversięcation of structures, and
the almost unpredictable relation between synthesis conditions and the resulting product.[125] Often, numerous experiments are required and many parameters have to be optimized even for small variations of a given target structure.
This issue led to the development of high-throughput methods for hydro/solvothermal MOF syntheses (see next section).[130-132]
Another problem arises when the pores of MOFs are large compared to the
sterical demand of the building blocks: One or more entangled networks may
evolve during synthesis.[133] This phenomenon is called interpenetration and is
undesired for many applications, as the porosity of interpenetrated frameworks
is reduced by more than 50 %. On the other hand, the stability of interpenetrated frameworks can be higher than that of the non-interpenetrated
counterpart.[134]
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MOFs are crystalline materials and hence feature narrow pore size distributions. Pores are mostly spherically, cylindrically or prismatically shaped, with
pore sizes ranging from micro- to mesoporous. Bimodal pore sizes distributions
can also be found, e.g., in MIL-101, or in MIL-100. Crystal structures and pore
shapes of MOFs are known to vary depending on the guest compounds present
in the pores. Aluminium terephthalate MIL-53 is an especially prominent example, with channel cross-sections changing from almost square-like to rhombic upon adsorption of water.[135]
Zeolitic imidazolate frameworks (ZIFs) pose a particularly interesting group
of metal-organic frameworks. Structurally, they resemble purely inorganic zeolites (see p. 30) with the silicon replaced by bivalent cations such as zinc or cobalt, and the oxide bridges replaced by at least ditopic azolates such as imidazolate, methylimidazolate, methyltriazolate or phenylimidazolate anions (see example 10a and 10b in Figure 17). Both the angles עmetal-linker-metal in ZIFs
and עSi-O-Si (or, respectively, עAl-O-Al) in zeolites equal 145°. Hence, many
ZIFs adapt typical zeolite structures, replacing the ሾSiO4 ሿ and ሾAlO4 ሿି building
blocks by [MII ሺlinkerሻ4 ] units.[136] The thermal and chemical stability of ZIFs exceeds those of most other MOFs (see p. 47 ě.).
Porosity and internal surface area values of MOFs, acquired by gas adsorption experiments often surpass those of other microporous materials by far: BET
surface areas SBET > 1000 m²/g (e.g., MOF-177: 4500 m²/g) and pore volumes
V > 1 cm³/g are regularly reported.[137] The validity of evaluating N2 sorption
data with the BET method (which was developed for non-, macro- and mesoporous materials) is regularly doubted[138] (see p. 59), but it cannot be denied that
the adsorptive properties of MOFs remain superior to those of other porous
materials in many cases.
1.4.3 Synthesis
Metal-organic frameworks are salts, and as such, they can theoretically be prepared by an acid-base reaction. Porous magnesium formiate, for example, is
obtained on a technical scale by stirring a slurry of magnesium oxide dispersed
in formic acid.[114] Another commercially interesting MOF, microporous aluminium fumarate, can also be precipitated straightforwardly from aqueous solutions of aluminium sulfate and disodium fumarate.[139,140]
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The vast majority of MOFs, however, are not accessible this way: Crystallization
of the desired structure is impeded by the fast kinetics of such heterogeneous
precipitation reactions: A non-porous, X-ray amorphous solid will result instead. For this reason, porous zinc terephthalate MOF-5 was initially obtained
by slow diěusion of triethylamine into a solution of terephthalic acid and zinc
nitrate in dimethyl formamide/chlorobenzene.[94]
However, formation of most MOFs requires elevated temperatures. This is
ascribed to entropic reasons.[104] The method of choice for the synthesis of novel,
complex MOF structures is, hence, hydro- or solvothermal. Solubility issues
that may occur especially with aromatic carboxylic acids can be circumvented
this way, too.
For hydro- or solvothermal synthesis, a mixture of metal salt and linker or
linker precursor (e.g., the free carboxylic acid, or the amine) is dispersed or dissolved in water or an organic solvent. Mineralizing agents (typically Ěuorides)
may be added, as well as acids for pH adjustment. After the synthetic mixture
was heated to the appropriate temperature and its reactants are dissolved, the
MOF will precipitate from the solution because of its comparatively lower solubility. As a typical example, formation of a MOF from a trivalent metal nitrate
and a ditopic carboxylic linker acid can be expressed as follows:
3 HOOC-R-COOH + 2 M(NO3)3

M2(OOC-R-COO)3՝ + 6 HNO3

During such a hydrothermal reaction, the pH value keeps decreasing, as the
weak carboxylic acid is replaced by a strong mineral acid. The laĴer remains in
solution, while the freshly formed MOF is constantly withdrawn from the equilibrium by precipitation. Due to the law of mass action, the reaction will cease
when a critical proton activity is reached.
As long as neither temperatures > 160 °C, nor high proton concentrations are
required for the MOF to form, organic solvents such as dimethyl or diethyl
formamide are often preferred to water: aside from their excellent solvent properties regarding both metal salts and organic linkers, dialkyl formamides are
known to decompose when exposed to temperature levels applied for MOF
syntheses. It is assumed that the resulting amines can serve as bases which neutralize the freshly formed strong acid.[122] A diěerent approach to achieve slow,
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controlled deprotonation was recently presented by Din²a et al., who obtained
MOF-5 via cathodic deprotonation of the linker acid[141,142] – a method that had
already been successfully applied for making available certain anions for organic synthesis.[143]
Ordered crystallization of MOFs can be obtained not only by gradually supplying the linker anion to a solution of metal ions, but also the other way round:
zinc 2-methylimidazolate ZIF-8, aluminium trimesate MIL-100(Al), aluminium
(amino-)terephthalate (H2N-)MIL-53(Al);[144] copper trimesate HKUST-1[145-147]
and, recently, iron trimesate MIL-100[148] were obtained by anodic oxidation of
metallic electrodes, with the respective linker being dissolved in the electrolyte.
Compared to classical solvothermal methods, the anodic synthesis of MOFs
provides substantial beneęts especially on a technical scale.[147] In addition to
this, it was applied to the production of structured MOF coatings.[146,149,150]
Like in other ęelds of chemical synthesis, microwave-assisted routes have
proved superior to conventional heating for the synthesis of MOFs, dramatically increasing the reaction speed and nucleation rate.[111,151-154] MOFs have also
been synthesized via sono- or mechanochemical routes in the past. Details on
these methods, as well as on other concepts which are not primarily within the
scope of this work (such as the use of modulators), can be found in the comprehensive 2012 review by N. Stock.[122]
As stated on p. 41, diěerent structures can be obtained from one and the
same synthesis mixture. Depending on the external conditions (concentrations,
heating rates, reaction times), one or another may be produced favorably. For
example, MIL-101 is a kinetically favored product, and if synthesis conditions
are not ȱ¢, MIL-53 may precipitate instead.
The pores of a freshly synthesized MOF are ęlled with residues such as unreacted linker molecules and metal salts, solvent molecules, or byproducts of
the synthesis. The removal of these undesired guests is called activation, and is
usually performed by subjecting the raw MOF to a washing routine with diěerent solvents, followed by drying at elevated temperature and/or reduced pressure. It is crucial for optimum, reproducible porosity and crystallinity to ęnd
and maintain suitable activation parameters, such as MOF/solvent ratio, stirring
velocity and time, number of washing steps, even the size of the Ěask and stirring bar. InsuĜcient activation will result in an impure MOF with strongly ab-
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errant adsorption properties, while, on the other hand, subjecting a MOF to unnecessary long or harsh washing steps may provoke destruction of the crystallites or even decomposition of the framework.
1.4.4 Tuning the Chemical Properties
The chemical and structural variability of the organic entities in metal-organic
frameworks not only permits the design of geometrically demanding laĴices,
but also the functionalization of its internal pore surface. Obtaining large areas
of functionalized surfaces for specięc applications has always been one of the
main reasons for the development of porous hybrid materials, and in the last
years, the number of publications on functionalized microporous materials, especially metal-organic frameworks, has skyrocketed.
Functional groups can often be introduced into a MOF by using modięed linkers or linker precursors. As discussed exemplarily on p. 41, several terephthalate-linked MOFs were obtained using aminoterephthalic acid instead of
terephthalic acid. Numerous examples for similarly functionalized MOFs are
documented.[131] One example which proves the use of MOF modięcations also
for this thesis is the stepwise substitution of 2-methylimidazole by
3-methyl-1,2,4-triazole in the zeolitic imidazolate framework ZIF-8 (called
MAF-4 in this example), creating additional sites for the coordination of water
molecules and thus dramatically improving hydrophilicity of the respective
MOF material, as depicted in Figure 20.[155] Unfortunately, hydrophilicity is
achieved at the cost of strongly decreased hydrothermal stability in this case.[156]
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Figure 20 Hydrophilization of ZIF-8 by introduction of additional coordinative sites, a principle adapted from zeolite chemistry. Replacing 2-methylimidazole by increasing portions
of 3-methyl-1,2,4-triazole permits to shift the rise of the water adsorption isotherm almost
at will (1: 100% 2-methylimidazole, 5: 100% 3-methyl-1,2,4-triazole).
Image adapted from Adv. Mater. 2011, 23, 1268-1271, by permission of John Wiley & Sons,
© 2011.

When using modięed linkers, crystallization of the desired initial MOF structure may be impeded by diěering solubility, ligand properties and steric demands. Even if this is not the case, the required synthesis conditions may diěer
considerably when modięed linker compounds are employed. Hence, the functionalization of MOFs by postpreparative or postsynthetic modięcations, where the
ęnished MOF solid is subjected to further chemical reactions, was profoundly
studied.[157,158] Classical reactions known from organic synthesis, such as the
electrophilic addition of halogens at oleęnic linkers,[159] have been performed.
Recently, CO2 adsorption properties of chromium terephthalate MIL-101 were
tuned via postpreparative amination of the benzene ring (nitration with nitrating acid, followed by reduction with SnCl2 ).[119] Major drawbacks of postsynthetic modięcation include its additional preparative eěort, and the restriction
of possible reaction conditions due to chemical stability issues of the MOF.
Once functional groups are introduced into the material either by using a
modięed linker for the MOF-synthesis or by postsynthetic modięcation, these
groups can be used for further functionalization. One example is the functionalization of MIL-101(Cr) and MIL-53(Al) with acidic -SO3 H groups, creating a
proton-conductive material,[160] or the covalent bonding of Ěuorescent dyes to
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MIL-101(Fe), which permits to localize their distribution in vivo with regard to
applications as drug-releasing agents.[158]
The nodes in transition-metal MOFs often carry free coordinative sites,
which are under normal conditions occupied by comparatively weakly bound
water molecules. The laĴer can be removed upon heating, and replaced by
functional ligands, such as diamines. This method is also called “grafting” and
is used for example to provide anchoring groups for metal nanoparticles in
MIL-101, or to introduce amino acids into MOFs, for example to create materials with chiral pore surfaces.[157,161,162]
This listing of examples for functionalized MOFs could be continued for a
long time. Increasing and ongoing developments in these ęelds give rise to
many potential applications, some of which will be discussed in the following
section.
1.4.5 Availability and Potential Applications
In the preceding sections, it was shown how metal-organic frameworks permit
to merge extremely high porosities and highly variable chemical functionalities
within the same material. Numerous potential applications arise from these
possibilities, of which some shall be presented in this section. Still lacking any
industrial application, only a handful of diěerent MOFs are commercially
available, typically sold as research chemicals, such as the Basolite® series.
These structures include aluminium terephthalate MIL-53 (Basolite® A100),
copper trimesate HKUST-1 (Basolite® C300), or zinc methylimidazolate ZIF-8
(Basolite® Z1200). Apart from these compounds, large-scale syntheses are mentioned in the literature only for a small number of MOFs, e.g., MIL-100(Fe).[163]
Hence, most MOF structures will have to be synthesized ęrst by anyone wishing to investigate applications, starting from journal or patent procedures.
Catalysis
Metal-organic frameworks are extended coordination complexes and therefore
a certain degree of catalytic activity can be anticipated. Corresponding results
were reported for the ęrst time in 1994, when size-selective cyanosilylation
could be achieved inside the pores of a Cd-based MOF.[98] Later, it was shown
that other reactions typically catalyzed by molecular transition metal complex-
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es, such as Ziegler-NaĴa polymerization, hydration or isomerization, could also
be performed using respective MOFs.[123]
Catalytic activity is reported not only of metal ion nodes, but also of organic
domains of MOFs. For example, MIL-101 functionalized with sulfonic acid
groups was used as a Brønsted acidic catalyst, and amino functionalized
MIL-101 as a Brønsted basic one.[164,165]
When it comes to chemical process technology, conventional porous catalysts (like Zeolite Y for catalytic cracking of petrochemical feedstock) are unlikely to be replaced by MOFs in the near future. The status of development of the
former is very advanced, and the (hydro-)thermal long-time stability of the
laĴer remains unclear or unsatisfactory. The application potential of MOFs is,
however, very high when it comes to selective, advanced organic reactions e.g.,
for the production of pharmaceuticals. Here, MOFs may replace homogeneous
catalysts:[55,98] Many MOFs exhibit higher catalytic activities than their traditional, molecular counterparts,[98] and some homochiral MOFs can even be applied
as heterogeneous catalysts for asymmetric conversions with high enantioselectivities.[166,167] Above all, MOFs can easily be retrieved from the reaction mixture
when the reaction is ęnished, and reused.
Gas separation and storage
On a quantitative basis, gas separation has become one of the most important
ęelds of application for porous materials (for MOFs not yet), because they can
replace other, energetically less eĜcient and more expensive processes like cryogenic distillation.
Some of the most important examples are:
–

air fractionation (from the industrial scale down to portable medical devices) by pressure-swing adsorption or membranes

–

separation of syngas into its main components H2 and CO for further processing

–

purięcation of process gases (removal of catalyst-poisoning impurities such
as H2 S from H2 feedstock, dehumidięcation of natural gas, breathing
equipment etc.).

Such applications exploit the strong dependency of adsorption characteristics
and hydrophilic/hydrophobic interaction: For example, while activated carbons
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can be used to selectively remove organic impurities from non-polar feedstock,
zeolites are used for dehumidięcation (cf. Figure 14). Gas separation can also be
achieved by molecular sieving, i.e., exploiting the diěerent molecular sizes of the
components which are to be separated (see p. 30 f.).
Due to their enormously high degree of functionalization, MOFs can help to
fulęll more sophisticated separation tasks. Some laboratory-scale examples are
given here:[168,169]
–

CO2 /CH4 separation (important e.g., for biogas purięcation) over a column
ęlled with aluminium aminoterephthalate H2 N-MIL-53. Due to their quadrupole moment, CO2 molecules are adsorbed at the amino groups within
the material, while CH4 can pass.[170]

–

separation of H2 from diěerent carrier gases such as N2 , O2 or CO2 over a
HKUST-1 membrane[171]

–

separation of gaseous hydrocarbons of diěerent chain length obtained from
the overhead fraction of crude oil distillation,[172] isomers of aliphatic, aromatic and oleęnic hydrocarbons[173-175]

–

separation of noble gases, e.g., Kr/Xe mixtures[55]

–

separation

of

CO/CO2

mixtures

by

aluminum

fumarate,

recently

patented.[176]
Due to the high internal surface areas, metal-organic frameworks have always
been considered as key materials for sorption-based gas storage. Methane and
especially hydrogen are seen as future automotive fuels, but on-board storage
remains a critical issue: both pressurization and liquefaction are energetically
expensive, and the required fuel tanks are not only heavy and bulky, but may
also be regarded as safety hazards. With regard to methane, MOF-based adsorptive storage has already found a potential technical application:[54] By ęlling
a regular pressurized gas tank with pellets of copper trimesate HKUST-1, the
pressure required to store a given amount of methane inside a set volume
dropped from 100 to 38 bars, thus drastically lowering the amount of energy
required for pressurization. This method is currently being further developed
for use in commercial vehicles, with prototypes already working.[177] Laboratory
values for latest-generation MOFs are very promising.[178] However, it must be
stated that hydrothermal stability remains a critical issue, as natural gas usually
contains some water vapor.
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When it comes to hydrogen as an automotive fuel, the most promising route
currently seems to be cryo-adsorptive storage: Using a MOF-ęlled tank, substantial amounts of H2 could be stored at 77 K instead of 21 K at ambient pressure,
considerably increasing the well-to-wheel eĜciency. From theoretical data, a
maximum gravimetric storage density of approx. 16 % at 77 K has been calculated, while experimental values remain at about 7 %, (see pp. 160 ě. in ref.[120]).
Due to the high gravimetric energy content of H2, the high eĜciency of conversion to mechanical energy using fuel cells and an electric engine, and the fact
that hydrogen can be produced sustainably, these values remain interesting for
typical applications such as personal vehicles.
Apart from selectivity, unhindered mass transport and high equilibrium adsorption capacities, successful implementation of metal-organic frameworks to
gas separation and storage processes requires additional conditions to be fulęlled: As all gas storage and most gas separation methods are based on cyclic
ad- and desorption processes, the heat of adsorption must be removed from the
material during adsorption, and reapplied for desorption. Otherwise, adsorption kinetics will be limited, resulting in unnecessarily long loading and unloading times.[179] Hence, the adsorbent has to be shaped in such a way that not
only mass transfer, but also suĜcient thermal conductivity is ensured. This issue is generally recognized, but rarely tackled.[180] Technical approaches include
applying the adsorbent to a heat-conducting metal-foam structure,[181] or the use
of thermally well conducting additives.[182]
Another issue for the storage and separation of gases is the chemical stability of the respective MOF towards cyclic ad- and desorption processes. This refers not only to the main adsorptive, but also to trace impurities. Here, water
has proved as one of the most critical compounds.
Further Potential Applications
Apart from the purposes mentioned in the proceeding sections, MOFs are also
being investigated for numerous further applications:
–

liquid phase sorption, e.g., the removal of heavy metal ions from
wastewater,[183] or as highly specięc stationary phases in liquid chromatography (chiral resolution etc.)[184]

–

luminescence[185]
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–

sensing[100,186]

–

drug delivery,[100,187]

–

proton conductors,[188]

–

and, like in this work, heat transformation.
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1.4.6 Metal-Organic Framework Coatingsc
For most potential applications presented in the preceding section, a MOF cannot be used as a Ěuěy powder, but must be fabricated into a device. For many
purposes, MOF coatings on various substrates are most appealing: electric and
thermal coupling, convenient handling, and the adaptability to various shapes
depending on the respective application can be assured this way.
The general synthetic approach towards MOF ęlms is to induce preferential
crystallite growth at a surface which is to be coated.
This can be achieved in a ęrst step by various seeding techniques: MOF
ęlms, often with specięc orientations, can be obtained on substrates furnished
with MOF nanocrystals e.g., by dip-coating. Linker-containing entities like native hydroxyl groups, carboxyl groups prepared by partial hydrolysis of a PAN
substrate, or self-assembled monolayers (SAMs) are also used as anchoring
groups. In a second step, this pre-conditioned surface is subjected to solvothermal synthesis or layer-by-layer growth, where the substrate is dipped intermiĴently into solutions of the metal salt and linker anions.[190-192]
A diěerent method, which yields polycrystalline ęlms, consists of delivering
the required metal salt only to the surface to be coated. This was achieved by
variation of the anodic route also used for bulk MOF synthesis (see
p. 44).[145,146,149] Even aerial oxygen has been employed as a metal oxidant.[193]
Very recently, MOF-5 thin ęlms were also obtained via the cathodic deprotonation approach presented on p. 43.[142]
Furthermore, preferred MOF nucleation was observed on substrates coated
with conductive layers which were subjected to microwave irradiation under
solvothermal conditions.[194] Most of these methods yield well-deęned, uniform
thin ęlms, but require elaborate substrate preparation, and/or allow for slow
c This section was adapted in large parts from ref. [189], which is part of this cumulative disserta-

tion and has been wriĴen by the author.
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growth rates only. This leads to long reaction times, limited coated areas and
layer thicknesses, thus narrowing the possible range of applications. Other, inherent disadvantages consist of insuĜcient layer adhesion or product losses
due to unwanted bulk crystallization from solution.[190,195-199]
Routes toward the creation of sturdy, polycrystalline, highly accessible and
comparatively thick MOF coatings that meet the demands of heattransformation applications as stated on pp. 28 ě., have not been in the focus of
research so far.
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Characterization of Microporous Adsorbents

Microporous adsorbents are typical solid-state compounds, and hence, characterization methods are manifold, depending on the actual problem. On the one
hand, substances can be characterized with regard to their inherent properties
like chemical and elemental composition, content and accessibility of functional
groups, porosity data such as internal surface area and pore volume, crystallinity and morphology.
On the other hand, the inĚuence of these intrinsic properties on the application-related characteristics is of high interest for the specięc application. Application-related characteristics are therefore investigated by specialized methods
tailored to the actual working conditions.
The purpose of this section is to introduce the characterization methods applied throughout this work. Theory and experimental setup of most methods is
generally well-known and can be drawn from textbook literature. Therefore
mainly the background of specięc, application-related methods will be discussed, while experimental details such as instrumentation and experimental
setup and conditions are given in the Cumulative Part (chapter 3).
1.5.1 Porosity Analysis by Gas Sorption Experiments
In section 1.2.2, it was mentioned that gas adsorption isotherms obtained at
cryogenic temperatures can reveal valuable information about the porosity of
an adsorbent, such as internal surface area, pore size distribution or pore volume. The most important models used for characterization in this thesis are introduced in the following paragraphs.
Langmuir isotherms and Langmuir surface area
The Langmuir model, named after American physicist Irvine Langmuir
(1881-1957) is the most simple theoretical description of an adsorption isotherm,
using the following idealizations:[30,200]
1. The surface is homogeneous with a large number of identical adsorption
sites N
2. The adsorbate forms a monolayer on the adsorbent
3. There is no interaction between adsorbate particles.
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Adsorption equilibrium is described like a chemical reaction equilibrium, with
the “reactants”  (adsorptive), and  (adsorption site):
A(g) + S ֖ AS

(2)

In dynamic equilibrium, the degree of coverage ߠ is consequently deęned by
the rate of adsorption, and the rate of desorption. The change of the degree of
coverage by adsorption, ߠሶ , proportionally depends on the pressure of the adsorptive p, the constant of the rate of adsorption k, and the number of currently available adsorption sites ܰሺͳ െ ߠሻ.
ߠሶ ൌ ݇  ܰሺͳ െ ߠሻ

(3)

The change of the degree of coverage by desorption,ߠሶdes , proportionally depends on the constant of rate of desorption k, and the number of currently
adsorbed particles ܰߠ:
ߠሶ ൌ െ݇ ܰߠ

(4)

With the condition of equilibrium ߠሶ  ൌ െߠሶ , the Langmuir isotherm can be
obtained:
ܭൌ

ߠ
ܭ
݇
֞ߠ ൌ
, with  ܭൌ
 ሺͳ െ ߠሻ
ͳ  ܭ
݇

K is named the Langmuir constant and often abbreviated  ܭ.

(5)
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Figure 21 Example for Langmuir isotherms with different ܭ values.

Because of the idealizations made, the Langmuir model is suitable mainly for
non-polar adsorptives, which interact weakly with the adsorbent surface or
each other, at low degrees of coverage. E.g., from N2 adsorption measurements
obtained at 77 K, the specięc surface of an adsorbent (Langmuir surface) S, can
be estimated as follows:
The degree of coverage T indicates the ratio betweenȞ ௌ , which is the numௌ
ber of particles ݊ ௌ that are currently adsorbed per sample unit, and Ȟmax
, which
ௌ
is the number of particles ݊max
that will be adsorbed on the same sample unit at

full coverage:
ௌ
Ȟ ௌ ൌ Ȟmax
ߠ

(6)

Inserting (5) in (6) while replacing Kwith the auxiliary quantity  ܭൌ ߚିଵ yields
the linearized Langmuir equation after rearrangement:
ͳ
ͳ
ߚ
ͳ
ൌ


S

Ȟ  Ȟmax
Ȟ


(7)

When an adsorption isotherm has been experimentally obtained as described
(see p. 53),

ଵ


can be ploĴed against

ଵ
A

. If the simplięcations described on p. 53
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are reasonably met, a straight line will result, with the intercept
slope

ఉ
Smax

1
ƄSmax

and the

S
. The values for Ȟmax
andߚ (and hence  )ܭcan now easily be deter-

mined by linear regression. As the space typically required per adsorbate particle ߱ is documented for the specięc adsorbent (e.g., ߱ʹ = 0.162 pm2or
߱ = 0.162 pm2), the Langmuir surface S of the adsorbent can be determined
ୗ
from Ȟmax
and the Avogadro number N:
ௌ
ܵ ൌ Ȟ
ܰ ߱

(8)

Being a very illustrative quantity for the characterization of porous substances,
Langmuir surface area values are also used to describe the internal surface of
compounds that do not ęt into the boundary conditions for the applied simplięcations at all (e.g., metal-organic frameworks). It may be possible to interpret
the N2 adsorption isotherms according to the Langmuir model, but the underlying mechanism of adsorption is often fundamentally diěerent.[28]
In this context, Langmuir surface area values are to be seen more as a measure for the density and accessibility of sorptive sites than as an accurate, geometrical dimension, like it can be seen regularly in a popular science
context.[201,202]
A more sophisticated model, which distinguishes from the Langmuir model
mainly in so far that it takes multi-layer adsorption into account, is the BET
model.
BET Isotherms and BET surface area
Named after its inventors Stephen Brunauer, Paul EmmeĴ and Edward Teller
who developed it in 1938, the BET model takes into account multilayer adsorption, but it is otherwise based on the same idealizations as the Langmuir model
(see p. 53).[203]
The main diěerence is the postulate that not only the substrate adsorption
site , but also the adsorbate  can serve as an adsorption site for further (up to
) adsorbate particles:[200]
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ሺሻ֖  
֖ ʹ
ʹ֖͵
(9)

ӭ
Ǧͳ֖ 

Using relative frequencies of occurrence ߠ for each adsorbate complex, the
equilibrium constants can be expressed as follows, exactly like in the Langmuir
model (eq. ((5)):
ܭଵ ൌ

ߠଵ
ߠଶ
ߠ
ߠ
Ǣܭଶ ൌ
Ǣ ǥ Ǣ ܭ ൌ
Ǣ ܭ ൌ
 ߠ
 ߠଵ
 ߠିଵ
 ߠିଵ

(10)



with  ߠ ൌ ͳ

(11)

ୀ

Two more idealizations are being made:
1. Adsorption in the ęrst layer occurs like in the Langmuir model. Therefore,
Kͳ equals the Langmuir constant K.
2. Adsorption on any additional layer is not inĚuenced by the substrate.
Consequently, Kͳ…K depend on nothing but the saturation vapor pressure
pͲ of the adsorptive.
ܭଵ ൌ ܭ Ǣ ܭଶ ൌ ܭଷ ൌ  ڮൌ ܭ ൌ

ͳ


(12)

The deęnition of the degree of surface coverage ߠ can be deęned like in the
Langmuir model (see p.53). It is composed of the sum of the relative frequencies
of occurrenceߠ , times the number of adsorbate particles ݅ in each complex:


ߠ ൌ  ߠ ݅

(13)

ୀ

Eq. (10) can be solved for ߠ and substituted into eq. (11). The resulting equation
is then solved for ߠ , which yields
ିଵ

ߠ ൌ ൭ͳ  ܭ     ൱
ୀ

ିଵ

Ǣ

(14)
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with the relative vapor pressure rel ൌ ܭ  ൌ


Ǥ


ߠ from eq. (10) can also be substituted into eq. (13), which yields
ିଵ

ߠ ൌ ܭ  ߠ  ሺrel  ሺ݊  ͳሻሻ

(15)

ୀ

Eq. (14) can then be substituted into eq. (15). Both sums converge because of
p ͳ. Using the calculation rules for sums, the corresponding explicit terms
for both sums can be determined.[200] The resulting expression is known as the
BET equation for a ęnite amount of ݉ layers:
ߠ ൌ

ܥrel ሺͳ  ݉rel ାଵ െ ሺ݉  ͳሻrel  ሻ
Ǣ
ሺͳ െ  ሻ൫ͳ െ rel  ܥrel ሺͳ െ rel  ሻ൯

(16)

with the BET constant  ܥൌ ܭ  Ǥ
It is easy to see that for ݉ ൌ ͳ; (16) transforms into the Langmuir equation (5).
For an inęnite (or at least suĜciently high) amount of layers, the BET equation
for an inęnite amount of layers is obtained:
ߠஶ ൌ  ߠ ൌ
՜ஶ

ͳ
ͳ
െ
ͳ െ rel ͳ  rel ሺ ܥെ ͳሻ

(17)

Correspondingly to eq. (6), eq. (17) can now be employed to determine the degree of coverage:
ௌ
Ȟ ௦ ൌ Ȟ௫
൬

ͳ
ͳ
െ
൰
ͳ െ rel ͳ  rel ሺ ܥെ ͳሻ

(18)

Like the Langmuir equation (5), Eq. (17) is commonly used for routine determination of internal surface areas for microporous substances. The mathematical
process for the determination of BET surface area values is similar to that used
for Langmuir surface area values. Linearization of eq. (18) yields
rel
ͳ
ܥെͳ
ൌ


ௌ ܥ
ௌ  ܥrel
Ȟ
Ȟ ௦ ሺͳ െ rel ሻ Ȟ

(19)
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From experimental values,
with the intercept

ଵ
ೄ
 

rel

ೞ ሺଵିrel ሻ

can be ploĴed versus p, and a straight line

and the slope

ିଵ
ೄ
 

will result, which allows for the cal-

ௌ
culation of Ȟ௫
and, using eq. (8), the specięc surface area of the adsorbent

(BET surface area).
The BET model is more sophisticated than the Langmuir model, but still
contains substantial idealizations. It has been proved to be quite accurate for the
determination of internal surfaces of non-porous, macroporous and mesoporous substances with pore sizes > 4 nm. Problems arise when the adsorbate particles strongly interact with the adsorbent, or with each other, varying the required space per particle ߱Ǥ This can be the case in microporous materials (see
section 1.2.3), with polar adsorptives, in highly heterogeneous adsorbents, in
high loading/high vapor pressure regimes, or when the pores are so small that
multilayer formation is impossible.

[28,29,200]

For microporous adsorbents like

MOFs or zeolites with pore sizes < 1 nm, it has recently been found that BET
modules do match with theoretical surface values obtained by GCMC simulations, as long as a specięc pressure range is chosen.[138]
When it comes to the everyday problem of comparing diěerent adsorbents,
BET surface area values determined for 0.05 ǂ pǂ 0.30 from N2 or Ar adsorption isotherms acquired at 77 or, respectively, 87 K remain one of the most important ęgures of merit for microporous adsorbents.
Pore size distributions and micropore volume
From adsorption isotherms acquired using comparatively weekly interacting
adsorbents like N2, Ar or Kr, the pore size distribution can be calculated using
e.g., the Dubinin-Raduskhevich equation,[204] or quantum chemical, DFT-based
models, which permit to take into account diěerent pore shapes.[205-207] The pore
size distribution of mesoporous adsorbents can also be obtained from the desorption branch of the isotherm using equation (1) on p. 20, as suggested by
BarreĴ, Joyner and Halenda (“BJH-Method”).[208] Such models are acceptable
only if the pores are at least approximately cylindrically shaped, and curvature
and surface tension of the adsorbate are not too strongly inĚuenced by interaction with the adsorbent.
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For materials with uniform pore size distributions, the total micropore volume
can be estimated simply from the amount adsorbed when capillaries are ęlled,
before inter-particle condensation sets in (e.g., at p/pͲ = 0.9). From this value
and the density of the adsorbate, the micropore volume can be easily calculated.
This approach was chosen for comparative purposes throughout this thesis.
1.5.2 Working Fluid Adsorption Measurements
Adsorption isotherms with respective guest molecules serve as early ęgures of
merit for the characterization of microporous adsorbents in many ęelds of porous materials research, as stated on pp. 24 ě.
In this thesis, water, methanol and ethanol adsorption isotherms were obtained as an answer to the question if the respective adsorbent was generally
suitable for the intended application. Working Ěuid isotherms reveal whether
the adsorption and desorption process will take place under the working conditions aimed for, and how much working Ěuid will be adsorbed by a given
amount of substance.
While adsorption isotherms are acquired by varying the pressure of the adsorptive at a constant sample temperature, adsorption isobars are obtained from
exposing the sample to a constant vapor pressure, varying the temperature. The
resulting plot (load vs. pressure) may look the same at ęrst view, but there are
substantial diěerences: Adsorption isotherms acquired at diěerent temperatures under otherwise identical conditions already diěer from each other (see
section 1.5.3), and it follows that adsorption isobars will exhibit corresponding
behavior, as the sample temperature is varied continuously throughout the experiment. Depending on the temperature range covered, structural transitions,
which can lead to a diěerent adsorption behavior, may also occur.
In many technical applications, and certainly in adsorption heat pumps and
chillers, adsorption/desorption processes are rather isobaric than isothermal.
Consequently, adsorption/desorption isobars acquired at realistic vapor pressures (e.g., 1.2 kPa for adsorption, and 5.6 kPa for desorption) are much more
conclusive than isotherms.
Isobars are usually acquired via thermogravimetric means, and are thus
more complicated (and slower) to obtain than isotherms. Hence, they are rarely
presented in the literature, compared to isotherms, in spite of their higher sig-
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nięcance for several applications. For this thesis, adsorption isobars were acquired when materials proved principally suitable regarding the corresponding
isotherms. Another application of isobaric ad-/desorption was the investigation
of multi-cycle stability because isobars describe the realistic process much beĴer
than isotherms, and are of higher signięcance especially when it comes to the
structural eěects caused by multiple ad- and desorption cycles.
1.5.3 Determination of the Differential Heat of Adsorption
For working pairs in thermally driven heat pumps and chillers, the specięc heat
of adsorption is a fundamental ęgure of merit: it determines how much enthalpy is released during adsorption, and how much driving heat will consequently
have to be invested for the regeneration cycle. In most adsorbents, the specięc
heat of adsorption varies considerably in relation to the adsorbed amount,
which is due to changing adsorption mechanisms. This holds true especially for
strongly interacting adsorptives, like water:
–

At small adsorbed amounts, adsorption enthalpies are high, because the
most hydrophilic sites, e.g., unoccupied coordination sites, or charged domains of the internal surface, are occupied preferentially.

–

With rising adsorbed amounts, monolayer (Langmuir) adsorption becomes
the dominating mechanism, when less preferred sites are occupied, too.
Consequently, the adsorption enthalpy drops.

–

At higher loadings, if multilayer adsorption is the dominant process, even
more so in the capillary condensation regime, the adsorption enthalpy more
and more approaches the evaporation enthalpy of water.

Hence, the diěerential heat of adsorption is the relevant parameter. It can be obtained experimentally by calorimetric means, or from at least two adsorption
isotherms acquired at diěerent temperatures via the well-known ClausiusClapeyron equation as follows:[29,30]
Two phases of one substance (e.g., adsorbed (a) and gaseous (g)), which coexist in equilibrium, have the same chemical potential μ, which depends on the
pressure p and temperature T:
ߤ ሺǡ ܶሻ ൌ ߤ ሺǡ ܶሻ

(20)
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As long as any change of p and T happens in inęnitesimally small steps, equilibrium between the adsorbed and gaseous phase is maintained, and the diěerential of both potentials will also remain equal:
ߤ ൌ ߤ

(21)

Both phases can be regarded as closed systems, which perform only volumetric
work. With entropy S and volume V, both diěerentials can be expressed as:
ߤ ൌ െܵ ܶ  ܸ ܲ
(22)
ߤ ൌ െܵ ܶ  ܸ ܲ

Merging (21) with (22) yields, after rearrangement, the Clapeyron equation:
ܵ  െ ܵ οܵ
ൌ
ൌ
ܶ ܸ െ ܸ οܸ

(23)

The entropy gain οܵ during an adsorption process at a given temperature ܶ
can be expressed as
οܵ ൌ

οܪ
ǡ
ܶ

(24)

hence:

οܪ
ൌ
ܶ ܶοܸ

(25)

Assuming that Va can be neglected compared to Vg, and that the ideal gas law
can be applied, the volume change during adsorption οܸ can be expressed
using the ideal gas law:
οܸ ൌ

ܴܶ


(26)

Merging (27) in (26) yields, after integration, a special form of the ClausiusClapeyron equation:
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 οܪ
ൌ
ܶ
ܴܶ ଶ
ͳ
οܪ
֞  ൌ 
ܶȁ න

ܴܶ ଶ

െοܪ
  څൌ
ܿ

ܴܶ

(27)

Given that the approximations made above are permiĴed, this relation is valid
for any adsorbed amount, regardless of the temperature.
For determination of the diěerential heat of adsorption, a dataset of n (n ηʹ)adsorption

isotherms

has

to

be

acquired

at

݊diěerent

temperatures

Tͳ, Tʹ, … ,T, T. For any adsorbed amount, ο ܪcan now be calculated from the
pressure ் required to reach this specięc amount at the temperature T. The
points ܲ ൭ ൭
will be

்
ൗ څ൱ȁ ͳൗܶ ൱will form a straight line, and the slope of this line
୧

െοܪൗ
ܴ.

1.5.4 Non-Ambient Powder X-Ray Diffraction
Adsorbents may undergo structural transitions during adsorption, such as widening or narrowing of the pores (“breathing”, like in chromium or aluminium
terephthalate MIL-53[209]), they may be subject to loss of crystallinity or other
undesired phase transitions.
By in-situ XRD analysis, crystallinity under deęned humidity conditions can be
observed. Structural transitions can be assigned to discrete hydration or dehydration steps. For this work, non-ambient X-ray analysis was carried out under
isothermal conditions, passing an appropriately humidięed nitrogen Ěow over
the sample at a total pressure of 101.3 kPa.
1.5.5 Determination of Thermal Conductivity and Thermal Contact Resistance
More than other applications, sorption-based heat transformation requires substantial amounts of heat to be transferred towards and away from the adsorbent, and hence, the thermal conductivity of the adsorbent, as well as the thermal
coupling of the laĴer to the substrate have an enormous inĚuence onto the
overall performance of the ęnished appliance (see p. 28). The thermal conduc-
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tivity of a substance ɉ is an intrinsic value, indicating the rate of heat Ěow ܳሶ, i.e.
the power which is transferred when a certain temperature diěerence ȟT is applied to a body with given dimensions (cross-sectional area A and length ȟx), as
stated in Figure 22 and equation (20).
ܳሶ ൌ

ܳ
οܶ
ൌ െߣ ή  ܣή
ݐ
οݔ

(28)

Figure 22 Heat conductivity determines heat flow ܳሶ in a body with given dimensions when
subject to a given temperature gradient.

Thermal conductivities can be investigated by diěerent means. For heat transformation adsorbents, light Ěash analysis proved to be suitable: A light or laser
pulse is applied to one side of the sample, while the time-dependent course of
temperature on the opposite surface is monitored (see Figure 23).

Figure 23 Working principle of light/laser flash analysis.
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According to the method of Parker, the thermal conductivity ɉ can be calculated
from time tͳȀʹwhich the opposite sample surface takes to reach the half-value of
its maximum temperature TͳȀʹ, sample thickness d, heat capacity c and volumetric density ɏǣ [210]
ߣ ൌ ͲǤͳ͵ͺͺ ή

݀ଶ
ήܿ ήߩ
ݐଵȀଶ ୮

(29)

Given that appropriate datasets are available, modern analytical algorithms also
take into account that d, c and ɏ are temperature-dependent, as well as the dissipation of heat during the experiment, but the basic principle remains.
When it comes to two or three component systems, such as coated substrates, the light/laser Ěash method permits the determination of thermal conductivities of each component, and also thermal contact resistance between layers
by using elaborate mathematical models.[211] The laĴer is deęned as the temperature diěerence required to achieve a given heat Ěow across an interface. For
the overall thermal conductivity of multi-component systems, the thermal contact resistance is as important as the conductivity of each component.
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State of the Art and Scope of Work

As discussed in section 1.1 and 1.3, state-of-the-art adsorption heat pumps and
chillers employ mostly water as their working Ěuid, together with microporous
inorganic adsorbents, mainly silica gels, zeolites, and, recently, SAPOs and AlPOs. Metal-organic frameworks were sparingly considered for this purpose, but
were investigated intensely for diěerent applications of classical microporous
materials (see section 1.4.5), mainly because of their superior porosity and outstanding chemical variability.
At the beginning of this work, a number of water adsorption measurements
on MOFs had been published already, and previous work conducted within the
group also indicated that MOFs are principally suitable for the use in heatpump applications.[212] For example, up to 1.3 g/g of water are adsorbed by
MIL-101(Cr) at p/pͲ =ͲǤͷͷǡ or 0.65 g/g by MIL-100(Cr) at p/pͲ =ͲǤͶͲǤ[213,214] It was
obvious that appliances based on such capable adsorbents could be made more
eĜcient, smaller, and, at the same time, less expensive. It was also known that
the hydrothermal stability of metal-organic frameworks would pose a critical
issue. Still, some reasonably stable ęrst candidates had been identięed. In Table 4, a summary is given of water adsorption properties of MOFs that could be
withdrawn from the literature at the beginning or during the process of this
thesis.
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Table 4 Water adsorption properties of metal-organic frameworks: State of the art. Results
published in 2011 or later are [bracketed]. Abbreviations are explained at the end of the
table.

MOF Structure

H2O load | at p/pͲisothermal

MIL-101(Cr)

[0.90 g/g | 0.50[215]]
[213]

Cr3X(H2O)2O(bdc)3

[1.3 g/g | 0.55

X = F, OH

1.2 g/g | 0.55[33]

]

Hydrothermal
stability
[3% capacity loss (40 cycles)[215]]

[0.85 g/g | 0.45[118]]
O2N-MIL-101(Cr)

[0.90 g/g | 0.55[213]]

Cr3(OH)(H2O)2O(O2N-bdc)3

[0.65 g/g | 0.55[216]]

[15-45% loss (40 cycles)[118]]

[0.38 g/g | 0.65[118]]
[0.55 g/g | 0.55[118]]
H2N-MIL-101(Cr)

[0.90 g/g | 0.45[213]

[0-20% capacity loss (40

Cr3(OH)(H2O)2O(H2N-bdc)3

(100% H2N)]

cycles) [118]]

[0.65 g/g | 0.45[216]
(100% H2N)]
[0.95 g/g | 0.55[118] (78% H2N)]
HO3S-MIL-101(Cr)

[0.60 g/g | 0.38[213]]

unknown

0.65 g/g | 0.40[214]

2% loss

Cr3(OH)(H2O)2O(HO3S-bdc)3

MIL-100(Cr)

[33]

0.72 g/g | 0.5

(2000 cycles) [214]

0.76 g/g | 0.52[33,217]

unknown

0.36 g/g | 0.7[33]

unstable [33]

[0.30 g/g | 0.48[216]]

unknown

[0.28 g/g | 0.60[216]]

unknown

Al(OH)(ndc)

0.25 g/g | 0.51[218]

unknown

MOF-74

[0.58 g/g | 0.20[219]]

Unstable under static hu-

Cr3X(H2O)2O(btc)3
X = F, OH, Cl, ½ SO

24

MIL-100(Fe)
Fe3OH(H2O)2O(btc)3

DUT-4
Al(OH)(2,6-ndc)

H2N-MIL-68(In)
In(OH)(H2N-bdc)

MIL-68(In)
In(OH)(bdc)

Mg2(dobdc)

mid conditions[220]

p.t.o.
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HKUST-1

0.45 g/g | 0.25[33]

30 % loss (15-30 cycles[22])

Cu3(btc)2

0.37 g/g | 0.30[22]

[unstable under static humid conditions[220]]

[0.33 g/g | 0.30[219]]

unknown

MAF-4, MAF-5,MAF-6,MAF-7

[0.3-0.4 g/g | 0.3-0.9[155]]

unknown

Zn(mIm)2-x(mTz)x

(tunable, Figure 20)

X-UiO-66

up to

[Loss[123] / retention[221] of

Zr6O4(OH)4(X-bdc)6

[0.30 g/g | 0.20[219]]

crystallinity after reactiva-

UiO-66
Zr6O4(OH)4(bdc)6

X = H2N, O2N, 2,5-(MeO)2,

tion]

1,4-Naphthyl

ZIF-90

[0.27 g/g | 0.40[222]]

unknown

0.22 g/g | 0.30[223]

No loss detected (4-10 cy-

Zn(Ica)2
ISE-1

cles) [223]

Ni3(3-btc)2(4-btre)2(-H2O)2

Me2-UiO-66

[0.21 g/g | 0.90][224]

[retention of crystallinity
after reactivation][224]

Zr6O4(OH)4(2,5-dimethyl-bdc)6

Zn(NDI-SEt)

[0.17 g/g | 0.45[225]]

unknown

Zn(NDI-SOEt)

[0.17 g/g | 0.40[225]]

unknown

Zn(NDI-SO2Et)

[0.15 g/g | 0.25[225]]

unknown

MOF-14

[0.04 g/g | 0.6][226]

[unstable][226]

[hydrophobic[216]]

n/a

[hydrophobic[216]]

n/a

[hydrophobic[222]]

n/a

[Cu3(BTB)2(H2O)3] w (DMF)9(H2O)2

MIL-53(Al, Ga)
(Al,Ga)(OH)(bdc)

H2N-MIL-53(Al, Ga)
Al(OH)(H2N-bdc)

ZIF-71
Zn(dcIm)2
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hydrophobic[33,216]

n/a

[hydrophobic[216]]

n/a

n/a

unstable[48]

Zn(mIm)2

SIM-1
Zn(mcIm)2

MOF-5 and other IRMOFs
(zinc dicarboxylates)

Abbreviations: bdc = terephthalate, btc = benzene-1,3,5-tricarboxylate (trimesate), ndc =1,4naphthalenedicarboxylate, dobdc = 2,5-dioxidoterephthalate, mIm = 2-methylimidazolate, mTz = 3-methyl-1,2,4triazolate, Ica = imidazole-2-carboxaldehyde anion, NDI = N,N’-di(3,5-dimethylpyrazoyl-)naphthalenediimide
dianion, BTB = 4,4’,4’’-benzene-1,3,5-triyl-tribenzoate, dcIm = dichloroimidazolate, mcIm = 3-methyl-4carboxyimidazolate.

Relevant properties other than equilibrium water adsorption characteristics remain largely unaddressed: LiĴle is known about adsorption enthalpies or the
multi-cycle ad-/desorption stability of most MOFs.
Also, suitable sorption properties are a necessary, but not a suĜcient condition for the implementation of MOFs into heat transformation processes: Adsorbents cannot be used as Ěuěy powders, but must be shaped. It appears that
mechanically stable, thermally well conducting coatings deposited directly on
heat exchanger structures should be made available in order to fully utilize the
beneęcial properties of MOFs. Currently, numerous methods have been published for the fabrication of thin, even monocrystalline MOF coatings for sophisticated applications such as sensing or luminescence. Yet, results are scarce
when it comes to industrially viable routes towards polycrystalline, comparatively thick and sturdy, but highly accessible coatings that are thermally well
coupled to their substrate (see section 1.4.6).
The scope of the present thesis was to investigate and improve the suitability of metal-organic frameworks for heat-transformation applications experimentally, with an emphasis put on water as the working Ěuid (due to the rea-
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sons given in section 1.3.1). The key tasks fall into two lines of action, following
the goals of corresponding projects.d
The ęrst main purpose of this work is the identięcation of MOFs with suitable
adsorption characteristics, and can be divided into the following sub-tasks:
–

Identięcation of promising candidates from literature. Parameters such as
suĜcient hydrophilicity and hydrothermal stability are to be estimated
from the reported pore structures, and the node and linker building blocks
used. Cost-eěectiveness must be taken into account, which means that both
the metal salt and organic linker have to be common bulk chemicals.

–

Synthesis of the identięed MOFs according to literature procedures

–

Chemical and structural characterization (crystallinity, pore analysis…)

–

Characterization with respect to the application (water adsorption isotherms/isobars, heat of adsorption, multi-cycle stability…),

–

Investigation of chemical means of modięcation for increasing the hydrophilicity.

The second main purpose was to explore routes towards functional MOF coatings
for sorption-based heat transformation applications, taking into account the
following main requirements:
–

Depending on the capacity of the particular adsorbent, state-of-the-art heat
exchanger geometries require coating thicknesses > 100 μm.

–

Mass transfer throughout the functional layer must be assured, and the heat
of adsorption must be conveyed from the adsorption sites into the substrate
without hindrance, so that suĜcient ad-/desorption kinetics can be realized.

–

The coating process must be scalable and adaptable to whatever shape and
size the heat exchanger may have, as well as to diěerent MOFs and relevant
metallic substrates, such as copper, aluminum or stainless steel.

d NEXTSOL = “New materials for exergetically eĜcient heat storage and transformation for

solar heating and cooling purposes”), German Federal Ministry of Economics, support code
0327851-A-B-C, 07/2009-06/2013.
MOF2MARKET, Fraunhofer-Internal Program, Grant-#. MAVO 824704,
www.mof2market.fraunhofer.de, 03/2012-02/2015
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For economic reasons, elaborate substrate preparation methods and expensive reagents should be avoided, and the whole procedure should be accomplishable under atmospheric pressure.

Binder-based approaches for the production of adsorbent coatings are available[227] and can be principally adapted to MOFs, as long as suĜcient quantities
of the material are provided. However, production-scale synthesis routes are
not yet available for the largest share of MOFs (see p. 47), so the economization
of lab-scale MOF syntheses (upscaling, yield improvement, replacement of expensive and/or toxic reagents) can be regarded as an important step towards
functional MOF coatings. Large-scale synthesis is also of general interest, with
regard to the manifold potential applications of metal-organic frameworks.
In view of the whole production process, in-situ crystallization methods principally require far less production steps than binder-based routes, and if a strong
connection between the layer and the substrate can be achieved, superior thermal coupling can be anticipated. It is therefore of paramount interest to achieve
a direct deposition of suitable MOF layers on metallic supports, even if this task
is rather complex.
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Cumulative Part

In section 3.1 to 3.6, the results that were achieved in this thesis are presented in
a logical order and in cumulative form. Each of the following publications principally stands for itself and is comprehensible starting from the introductory
section of this thesis. However, each publication has been furnished with a
short introductory statement, integrating the investigated problem and the obtained results into the scope of this thesis and specifying the author’s share of
work in each case.
Additional results that have not been published in peer-reviewed journals
yet are given in section 3.7.
Note: Reference numbers within the publication copies in this chapter correspond to the reference libraries at the end of each publication, and not to the
general reference library (section 8 on pp. 216 ě.).
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MIL-100(Al, Fe) as Water Adsorbents for Heat
Transformation Purposes – a Promising Application
F. Jeremias, A. Khutia, S. K. Henninger and C. Janiak
J. Mater. Chem. 2012, 22, 10148-10151.[12]
DOI: 10.1039/c2jm15615f

Shortly before the beginning of this thesis, investigations on the water sorption
properties

of

mesoporous

chromium(III)

terephthalate

MIL-101

(Cr3 XሺH2 Oሻ2 Oሺbdcሻ3 , X = F, (OH)) had been carried out.[33,215] Its water adsorption capacity of > 1.2 g/g, as well as its unexpectedly high hydrothermal stability made it very promising for use in thermally driven heat pumps and chillers.
Unfortunately, MIL-101(Cr) proved to be comparatively hydrophobic: the late
rise of the water adsorption isotherm (at Τ ൎ ͲǤͷ) means that only low temperature lifts could be reached under realistic working conditions (see page 24).
Hence, a similar material with smaller pore sizes and less hydrophobic organic
domains seemed highly desirable. Indeed, highly promising water adsorption
isotherms had been published at the same time for mesoporous chromium(III)
trimesate MIL-100 (Cr3 XሺH2 Oሻ2 Oሺbtcሻʹ , X = F, Cl, ½ SO4 ).[214] The successful
synthesis of isostructural compounds, based on iron and aluminium instead of
chromium nodes, had already been published.[105,106] Both compounds appeared
equally promising in terms of water sorption behavior,[33] and clearly superior
from a toxicological point of view. With regard to the ęrst main task of this thesis (identięcation of MOFs with suitable adsorption characteristics), profound
investigation of both compounds suggested itself. Both MIL-100(Fe) and
MIL-100(Al) were synthesized, starting from literature procedures. Appropriate
structural and porosity characterization experiments were performed and water
adsorption behavior of both compounds was profoundly analyzed.
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Author’s share of work:
–

Synthesis of MIL-100(Al) (the sample of MIL-100(Fe) investigated in this
work was synthesized and supplied by Dr. Khutia),

–

measurement planning, powder diěractograms and volumetric water adsorption experiments, processing of measurement data, calculation of secondary data and interpretation of the results,

–

writing of the manuscript draft and drawing of all graphs, except for Figure
2, drawn by Prof. Dr. Janiak, and

–

implementation of the reviewers’ comments.

Reproduced by permission of The Royal Society of Chemistry.
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Programming MOFs for Water Sorption: AminoFunctionalized MIL-125 and UiO-66 for Heat
Transformation and Heat Storage Applications
F. Jeremias, V. Lozan, S. Henninger and C. Janiak
Dalton Trans. 2013, 42, 15967-15973.[228]
DOI: 10.1039/c3dt51471d

Principally, metal-organic frameworks containing 4th group metal ion nodes are
especially interesting as water adsorbents, as high oxophilicity of the M4+ cations leads to unusually strong metal-oxygen coordinative bonds: consequently,
unusually stable metal nodes as well as strong node-linker bonds have been
named as characteristic properties of 4th group MOFs.[221,229-231] Hence, they appeared very promising with regard to the multi-cycle hydrothermal stability.
Among the 4th group MOFs known from the literature, several structures
bearing modięed organic linkers can be found. The variability especially of the
isoreticular UiO-6x zirconium carboxylates permits for the tuning of pore geometries, as well as for the inclusion of hydrogen bond donors such as amino
groups, increasing hydrophilicity of the internal surface.
Titanium and zirconium are mined on a large scale and consumed in numerous, diěerent applications, which means that the salts required for MOF
synthesis are available as inexpensive bulk chemicals. This also holds true at
least for some of the possible linker carboxylic acids (e.g., terephthalic acid).
Finally both elements are comparatively unproblematic from a toxicological
and ecological point of view: Titanium is known for its excellent biocompatibility, while zirconium salts are used as antiperspirants.[232]
With a view to the ęrst main purpose of this thesis, it was decided to choose,
synthesize and characterize a reasonable selection of 4th group MOFs according
to literature procedures, and to analyze their water sorption behavior, the laĴer
with special regard to the inĚuence of multi-cycle hydrothermal stress onto the
crystallinity, the pore structure and the water sorption capacity of each compounds.
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Author’s share of work:
–

Synthesis of UiO-66 and H2 N-UiO-66 (UiO-67 and H2 N-MIL-125 were synthesized and supplied by Dr. Lozan),

–

measurement planning, acquisition of powder diěractograms and water
adsorption isotherms, processing of measurement data, calculation of secondary data and interpretation of the results,

–

writing of the manuscript draft and drawing of all graphs, except for Figure 2, drawn by Prof. Dr. Janiak, and

–

implementation of the reviewers’ comments.

Reproduced by permission of The Royal Society of Chemistry.
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High Performance Metal-Organic-Framework Coatings
Obtained via Thermal Gradient Synthesis
F. Jeremias, S. K. Henninger and C. Janiak
Chem. Commun. 2012, 48, 9708-9710.[189]
DOI: 10.1039/c2cc34782b

The second main purpose of this thesis deals with the deposition of suĜciently
thick, sturdy, highly accessible and thermally well conducting MOF layers on
metallic substrates. For the reasons given in section 1.4.6, the need for a new
approach quickly fell into place, and in this publication, the successful development of a suitable approach is presented.
The example of copper trimesate HKUST-1 deposited at copper sheets
demonstrated how temperature dependence of solvothermal MOF growth can
be utilized to produce MOF coatings on metallic substrates. Consequently, the
resulting product was profoundly analyzed in order to clarify the mechanism of
adhesion.
The process presented in this publication paves the way towards functionally coated heat exchangers because of the following reasons:
1. SuĜciently thick, sturdy and accessible MOF coatings can be deposited on
metallic substrates. Thermal coupling is excellent.
2. Heat exchangers are commonly made of copper and the excellent suitability
of copper trimesate as an adsorbent for alcoholic working Ěuids had already
been examined (and published later, see section 3.5).
3. In comparison to substrate oxidation methods like the anodic approach,
metal cations required for the formation of MOF nodes do not originate
from the substrate. This extends the potential range of accessible MOFs, substrates and their combinations enormously (see also section 3.4).
4. Heating the substrate during coating synthesis can be easily achieved, given
that heat exchangers are made for this purpose.
5. The presented method is economical, as the eěort for substrate preparation
is minimal and the coating grows surpassingly fast (50 μm/h). Another big
advantage lies in the fact that the MOF is prepared in-situ, which eliminates
the need for a preceding production step.
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6. The coating produced this way endured 1500 adsorption/desorption cycles
with methanol and ethanol as working Ěuids without structural losses, Ěaking of the layer or any other type of visible degradation.
Because of these beneęts, a patent application was ęled (WO2013004726A1 and
DE102011106668A1).
Author’s share of work:
–

idea,

–

preliminary tests to investigate the principal suitability of the method,

–

design and development of the experimental setup,

–

all experimental work relating to the preparation of the coatings,

–

measurement planning, acquisition of powder diěractograms, optical and
electron micrographs, processing of all measurement data and interpretation of the results,

–

writing of the ęrst manuscript draft and drawing of all graphs,

–

and implementation of the reviewers’ comments.

Parts of this publication were adapted in section 1.4.6. of this thesis.
Reproduced by permission of The Royal Society of Chemistry.

Cumulative Part

103

104

3

Cumulative Part

105

106

3

Cumulative Part

107

108

3

Cumulative Part

109

110

3

Cumulative Part

111

112

3

Cumulative Part

3.4

113

Advancement of Sorption-Based Heat Transformation by a
Metal Coating of Highly-Stable, Hydrophilic Aluminium
Fumarate MOF
F. Jeremias, D. Fröhlich, C. Janiak and Stefan K. Henninger
RSC Adv., 2014, 4, 24073-24082.[233]
DOI: 10.1039/c4ra03794d

Numerous metal-organic frameworks have been tested for application in sorption-based heat pumps and chillers. Some, like MIL-101(Cr) or MIL-100(Al,Fe),
adsorb much more water than any conventional adsorbent, but are comparatively hydrophobic, which means that only a small share of their water sorption
capacity can actually be used under realistic working conditions for thermally
driven chillers (see pp. 24 ě.). At the same time, the multi-cycle stability of
MOFs remains a critical issue. Above all, MOFs are inferior to many conventional adsorbents when it comes to production costs.
Subject of this publication is quite an unconventional MOF: microporous aluminium fumarate, abbreviated as μp-AF. It can be produced economically via
a precipitation approach (cf. also p. 42), and can be compared to zeolitic materials in terms of porosity. Therefore, μp-AF is of high interest not only for water
sorption applications. Up to now, μp-AF has found surprisingly liĴle aĴention
anywhere else than in patent literature.
As will be shown, the water sorption properties of μp-AF render this material indeed highly interesting. For this reason, the thermal gradient coating approach, initially presented in the preceding publication, was reęned in such a
way that coatings of μp-AF could be successfully prepared. Its water sorption
properties, its multi-cycle stability and the coating structure were profoundly
investigated with very encouraging results.

114

3

Author’s share of work:
–

Synthesis of bulk μp-AF according to a patent procedure,

–

all planning and experimental work in connection with reęnement of coating synthesis (reaction mixture, coating conditions, protective layer)

–

measurement planning and preliminary measurements,

–

acquisition of all X-ray diěractograms including humidity chamber measurements, optical and SEM micrographs and thermal conductivity measurements,

–

processing and interpretation of all measurement results, calculation of the
heat of adsorption and drawing of all graphs (except for Fig. 5, prepared by
D. Fröhlich)

–

writing of the ęrst manuscript draft (except for section 3.1.4 in the publication, “Multicycle water sorption stability test”, prepared by D. Fröhlich),

–

proofreading and implementation of the reviewers’ comments.

Reproduced by permission of The Royal Society of Chemistry.
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131

Water and Methanol Adsorption on MOFs for Fast Cycling
Heat Transformation Processes
F. Jeremias, D. Fröhlich, C. Janiak and S. K. Henninger
New J. Chem. 2014, 38, 1846-1852.[77]
DOI: 10.1039/c3nj01556d

The intent of this Focus Review was ęrstly to provide a brief summary on the
current state of the art, regarding the use of metal-organic frameworks in heat
transformation processes, and secondly to compare their drawbacks and beneęts to those of established adsorbents (silica gels, activated carbons, zeolites and
zeotypes, see also section 1.3.3). Equilibrium water adsorption characteristics of
several, common MOFs were assessed (including results from the publications
reprinted in section 3.1 and 3.2). The issue of hydrothermal stability of MOFs is
also addressed: decomposition mechanisms and stabilization methods are discussed. Stability criteria that must be met for successful implementation of
MOFs into heat transformation applications are discussed in detail and closed
oě to the popular, too generalized term “water stability”. For the ęrst time,
methanol adsorption isotherms are also presented and discussed in this context.
The last paragraph is dedicated to appropriate shaping of adsorbents for heat
transformation applications: There follows a summary of the state-of-the-art
regarding suitable MOF shaping procedures.
Author’s share of work:
–

Writing of the introduction, of the sections “Principle process and possible
working pairs”, “Materials” (except for the subsections “Silica gel and zeolites” and “AlPO and SAPO”) and “Shaping for optimized heat and mass
transport” and the conclusion

–

complementing other sections,

–

ęnal editing and proofreading of the whole manuscript,

–

implementation of the reviewers’ comments.

The section “Shaping for optimized heat and mass transport” was adapted for
part of the introduction of this thesis (see p. 28).
Reproduced by permission of The Royal Society of Chemistry (RSC) on behalf
of the Centre National de la Recherche Scientięque (CNRS) and the RSC.
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MOFs for Use in Adsorption Heat Pump Processes
S. K. Henninger, F. Jeremias, H. Kummer and C. Janiak
Eur. J. Inorg. Chem. 2012, 2625-2634. [234]
DOI: 10.1002/ejic.201101056

This microreview gives an overview of the state of the art regarding the implementation of metal-organic frameworks for sorption heat transformation. The
advantages and drawbacks that arise from the node-/linker concept are discussed, and experimental water sorption data of several MOFs are compared to
the demands of realistic working cycles. Literature data available at that time
are considered, as well as ad hoc measurements of commercially available
MOFs. The laĴer are also tested for multi-cycle ad-/desorption stability.
Author’s share of work:
–

Synthesis of MIL-101(Cr) according to a literature procedure,

–

interpretation of the measurement data,

–

writing of the sections “Evaluation of MIL-101 and MIL-100”, “Heat of Adsorption and Cycle Stability”, the conclusion and the abstract,

–

and ęnal editing and proof reading of the manuscript.

Reprinted by permission of John Wiley & Sons, Inc.
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3.7

Novel Sorption Materials for Solar Heating and Cooling
S. K. Henninger, F. Jeremias, H. Kummer, P. Schossig
and H.-M. Henning
Energy Procedia 2012, 30, 279-288.[235]
DOI: 10.1016/j.egypro.2012.11.033

This contribution appeared in a special issue of Energy Procedia, published on
the occasion of the 1st Solar Heating and Cooling conference in San Francisco in
2012, where a corresponding poster was presented.
It gives a summary on recent developments regarding the implementation
of currently available adsorbents for heat transformation applications. Water
adsorption characteristics of the most “common” MOFs at that time
(MIL-100(Cr), MIL-101(Al/Fe), HKUST-1) are compared to those of established
adsorbents, with special regard to their usability under realistic working conditions.
Author’s share of work:
–

participation in data collection and writing of the manuscript draft

–

proofreading and ęnal editing

Reprinted with permission from Elsevier.

Cumulative Part

155

156

3

Cumulative Part

157

158

3

Cumulative Part

159

160

3

Cumulative Part

161

162

3

Cumulative Part

163

164

3

Cumulative Part

3.8

165

Conference Contributions

In this section, conference contributions presented by the author are listed in
chronological order (co-authored conference contributions and contributions
not presented by the author are omiĴed).
A fast, facile and versatile approach to metal-organic framework
coatings for many applications: Thermal Gradient Deposition (TGD)
Poster presentation
Felix Jeremias, Christoph Janiak, and Stefan K. Henninger
25. Deutsche Zeolith-Tagung
March 5-8 2013, Hamburg, Germany

A facile approach to metal-organic framework coatings for catalytic
and energy transformation applications
Poster presentation
Felix Jeremias, Christoph Janiak, and Stefan K. Henninger
ENMAT II – 2nd International Conference on Materials for Energy
May 12-15 2013, Karlsruhe, Germany

The thermal gradient approach as a favorable way towards polycrystalline, thick and sturdy MOF coatings
Oral presentation
Felix Jeremias, Christoph Janiak, and Stefan K. Henninger
International MOF Symposium 2013
September 16-17, 2013, Dresden, Germany
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Unpublished Results

Apart from the results presented in the preceding, cumulative part, additional
work packages are covered in this thesis but remain unpublished for practical
or patent reasons. These work packages are presented in the current chapter.
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HKUST-1 Thermal Gradient Coating: Alcohol Adsorption
Isotherms and Multi-Cycle Stability

Although hydrothermal stability of HKUST-1 is not suĜcient for heat transformation applications with water as a working Ěuid, this material may prove
suitable for use with methanol or ethanol. Hence, MeOH/EtOH adsorption isotherms of HKUST-1 (Basolite® C300) were acquired and look highly promising
(see Figure 24). Especially ethanol sorption behavior is of high interest for low
temperature cooling applications due to its high uptake of 0.7 g/g at a relative
vapor pressure p/p0 < 0.1. Almost no hysteresis can be seen.

Figure 24 Methanol (, ) and ethanol ({,z) adsorption isotherms for HKUST-1 (Basolite® C300), acquired at T = 25 °C. ,z = adsorption,

,{ = desorption.

For this reason, the copper substrate coated with HKUST-1, which has been described in section 3.3 on p. 101, was subjected to multiple isobaric ad/desorption cycles with methanol, ethanol and ęnally water in a custom-made
multi-cycle test apparatus.
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Figure 25 Powder X-ray diffractograms of the HKUST-1|Cu thermal gradient coating after
multiple ad-/desorption cycles with EtOH, MeOH and water vapor. Comparison with simulated pattern from literature data, CCDC-No. 112954.[104] Cu-KD radiation.

In Figure 25, it can be seen that the X-ray crystallinity of the sample even rises
after the ęrst cycles with EtOH. One possible explanation is that the ęrst cycles
remove possible synthesis residues from the pores, a behavior that has also
been observed for μp-AF (see section 3.4 on pp. 113 ě.). Even after 1500
ad-/desorption cycles with MeOH and EtOH vapor, the crystallinity remains
virtually unchanged. There were neither optical alterations nor mechanical failure of the sample. After an additional 500 cycles conducted with water vapor,
the color of the coating changed to green, and the sample turned X-ray amorphous, as expected. These observations conęrm the expectation that heat exchangers coated with HKUST-1 by the thermal gradient procedure can be used
for low-temperature cooling applications together with methanol or ethanol as
a working Ěuid.
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Adaption of the Synthesis of MIL-100(Fe) for Thermal
Gradient Coating and Technical Syntheses

Among the MOFs that were examined for heat transformation applications in
this thesis, iron trimesate MIL-100(Fe) proved especially interesting: Firstly, due
to the high water uptake of 0.7 g/g at a relative pressure as low as Ȁ = 0.4,
secondly, because of its multi-cycle ad-/desorption stability and thirdly, due to
the fact that it is built from non-toxic metal ions and commonly available linkers
(see section 3.1 on pp. 74 ě.). On these grounds, producing MIL-100(Fe) on a
technical scale appears to be the next logical step, as well as combining excellent
material properties of MIL-100(Fe) with the advantages of the thermal gradient
coating procedure. The advantages of this procedure were demonstrated with
the examples of HKUST-1 or μp-AF (sections 3.3 on pp. 101 ě. and 3.4 on
pp. 113 ě.). To obtain equally thick, sturdy and highly accessible coatings of
crystalline MIL-100(Fe), additional challenges have to be met:
1. All known methods for the synthesis of MIL-100(Fe) specify water as the
solvent. Most are carried out under hydrothermal conditions in sealed vessels at temperatures of up to 220 °C and in the presence of hydroĚuoric acid
or iron(III) chloride.[148,163,236,237] This renders reaction control diĜcult and the
equipment expensive, especially on a larger-than-lab scale or for in-situ coating procedures. Most metallic substrates, reaction vessels or machinery parts
cannot be used in a chlorine-rich environment due to corrosion issues.
2. Trimesic acid is hardly soluble in water.[238] The MOF can’t be retrieved from
the synthesis mixture by ęltration. Also, separating the reaction product
from unreacted, precipitated trimesic acid present within and outside the
pores requires expensive activation steps. This is especially problematic for
continuous-Ěow syntheses, and also for the thermal gradient coating procedure, where trimesic acid would recrystallize in the colder parts of the reaction vessel.
3. Procedures for the synthesis of MIL-100(Fe) under sub-hydrothermal conditions do exist, but crystallinity and porosity of the resulting products are
low.[239] Sub-hydrothermal synthesis mixtures are heterogeneous and therefore unsuitable for in-situ coating procedures. Also, a high reaction tempera-
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ture is principally desired, because it simplięes the formation of a suĜcient
temperature gradient.
After these prerequisites, it can be deduced that the next step towards upscaling and thermal gradient coating should consist in ęnding a way to synthesize MIL-100(Fe) from a homogeneous solution at ambient pressure.
4.2.1 The DMSO/Water Approach
As MIL-100, or Fe3 ሺOHሻሺH2 Oሻ2 Oሺbtcሻ2 w14.6 H2 O, contains water molecules
within the structure, it follows that at least some water has to be present during
synthesis. Zeotropic mixtures of water and high-boiling organic solvents may
oěer a way for both maintaining a certain water content in the liquid phase at
elevated temperatures and for keeping trimesic acid dissolved even at low temperatures.
The target of ęnding a suitable zeotropic mixture was tackled as follows:
While the synthesis procedure published at ęrst requires quite harsh conditions,[106] it is also known that a viable hydrothermal synthesis of MIL-100(Fe)
can be conducted at 130 °C, starting from FeCl3 w 6 H2O and trimethyl trimesate.[236] Tests revealed that iron(III) chloride can be exchanged by
Fe(NO3)3 w 9 H2O (thus avoiding corrosion issues), and trimethyl trimesate by
trimesic acid (for economic reasons) without negative impact onto yield, crystallinity or porosity of the product.
There is a considerable selection of binary zeotropic systems with substantial water content and a boiling point of T = 130 °C at p = 101.3 kPa. However,
corresponding

mixtures

of

water

with

N,N-dimethyl

formamide,

N-methyl-2-pyrrolidone, sulfolane or ethylene glycol proved unsuitable because they failed to dissolve either trimesic acid or iron(III) nitrate or led to the
formation of secondary precipitates. A mixture of 20 wt% water and 80 wt%
dimethyl sulfoxide has its boiling point at T = 130 °C and remained as the last
possibility.[240]
Corresponding solutions of iron(III) nitrate in water and trimesic acid in dimethyl sulfoxide could be merged to form a stable, yellow solution. It turned
out that water contents lower than 15 wt% led to the precipitation of about
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1 mm long, rod-like yellow crystals within 60 min. that were identięed as
Fe(NO3 ሻଷ w 6 DMSO by PXRD (see Figure 26).e Preferred crystal growth along
the b axis can be anticipated from the PXRD paĴern. Water contents higher than
30 wt%, on the other hand, led to the precipitation of an amorphous, brown solid.

Figure 26 Comparison of the PXRDs acquired for the precipitated crystals with cif-file simulation for Fe(NO3 ሻଷ w 6 DMSO (CCDC-No. 125872).[242] Indices are given for comparatively
intense reflections. Cu-KD radiation.

ReĚuxing the solution with 80 wt% DMSO and 20 wt% water at p = 101.3 kPa
and T = 130°C for 24 h while stirring led to the formation of a brown precipitate. The pungent smell of formaldehyde and the distinctive odor of dimethyl
sulęde could be noticed during the reaction. After activation, 1.25 g of the
product were recovered. PXRD (#1 in Figure 27) and nitrogen sorption revealed
that MIL-100 is the single crystalline phase with S = 1215 m²/g and
V = 0.61 cm³/g.

Assuming

the

empirical

formula

of

MIL-100(Fe),

Fe3 OሺOHሻሺH2 Oሻ2 ሺbtcሻ2 w14.6 H2 O, the yield is 51 %. The corresponding hy-

e Warning: Precipitation of Fe(NO3)3 w 6 DMSO must be avoided due to explosion hazard.[241] See

experimental part for details!
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drothermal literature procedure yields 47% of MIL-100(Fe), for which
V = 0.88 cm³/g can be estimated from the published N2 adsorption
isotherm.[236] In comparison, for MIL-100(Fe) synthesized according to the original, harsh literature procedure,[106] V = 1.00 cm³/g and S = 1917 m²/g were
determined.[12] Although these values are not completely achieved, a principally
suitable approach for the ambient-pressure synthesis of MIL-100(Fe) from a
homogeneous, agitated solution is found.
4.2.2 The Role of Nitric Acid
The next goal consisted in determining whether the obtained porosity and crystallinity marked the end of the line for the investigated route, or whether there
was room for improvement by providing optimized initial reaction conditions,
especially the appropriate proton concentration (see also section 1.4.3 on
pp. 42 ě.). Hence, the initial experiment described in the preceding paragraph
was repeated, but the precipitate was repeatedly retrieved from the reaction
mixture by centrifugation, and resulting batches were individually activated
and characterized. Indeed, a strong rise in product crystallinity and porosity
was found during the course of reaction (2a to 2d in Figure 27 and Table 5).

Table 5 Product masses and porosities for the MIL-100(Fe) ambient pressure syntheses

Sample

Retrieved after

1

24 h

2a

Sample mass,

SBET

Vpore

1250 mg

1215 m²/g

0.61 cm³/g

2h

115 mg

1024 m²/g

0.62 cm³/g

2b

2 h after 2a

109 mg

1405 m²/g

0.71 cm³/g

2c

4 h after 2b

147 mg

1513 m²/g

0.73 cm³/g

2d

16 h after 2c

286 mg

1507 m²/g

0.72 cm³/g

(2e)

24 h after 2d

0 mg

n.a.

n.a.

activated
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Figure 27 Powder diffractograms of MIL-100(Fe) prepared by the DMSO/water route in a
single batch (1), and of products removed from the reaction solution by centrifugation
after different amounts of time (2a to 2d, see Table 5). Comparison with simulation for
MIL-100(Fe), CCDC-No. 640536. [106] Cu-KD radiation.

As nitric acid is formed as the main byproduct (see section 1.4.3 on pp. 42 ě.), it
is reasonable to assume that a higher proton concentration favors the formation
of MIL-100(Fe) instead of X-ray amorphous byproducts.
In order to verify this theory, the synthesis was repeated with diěerent
amounts of nitric acid added to the reaction mixture.f As seen in Figure 28 and
Table 6, addition of 0.5 to 1 Fe equivalents of HNO3 increases internal surface
area values and porosities, but not crystallinity. It is also interesting to note that
addition of nitric acid has a strong inĚuence on the intensities of the PXRD reĚections, which may be ascribed to diěerent morphologies depending on the
added amount of nitric acid. Furthermore, it has to be noted that the porosities

f In order to obtain results that are comparable among each other, this experiment was conduct-

ed during a single run in a heated autoclave block, using 32 ml Parr bombs loosely capped
with petri dishes. Scale factor 0.4 compared to the preceding experiments, no stirring.
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of the products from this synthesis slightly exceed those for the stirred synthesis discussed above.
As a result, it can be said that the addition of nitric acid has a positive inĚuence
onto the porosity and crystallinity of MIL-100(Fe). OmiĴing agitation has also a
slightly positive eěect.

Figure 28 Powder diffractograms of MIL-100(Fe) prepared with different added amounts
of nitric acid (see Table 6 for details). Cu-KD radiation.
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Table 6 Product masses, yields and porosities for the MIL-100(Fe) samples synthesized from
DMSO/H2O zeotropic mixture, with different added amounts of nitric acid.

Fe eq.

Sample mass,

of HNO3

activated

3a

0

3b

Yield

SBET

Vpore

0.24 g

24 %

1412 m²/g

0.71 cm³/g

0.5

0.30 g

31 %

1539 m²/g

0.73 cm³/g

3c

1

0.14 g

15 %

1791 m²/g

0.82 cm³/g

3d

2

0.25 g

26 %

1058 m²/g

0.49 cm³/g

Sample

4.2.3 The Role of the Nitrate Anion
The next target was to prevent the potential formation of undesired
Fe(NO3 ሻଷ w 6 DMSO. In an industrial production environment, safety must be
guaranteed even if batches sit longer than intended, heating may fail, upscaling
problems or other, unforeseen circumstances may appear.
For these reasons, the possibility of exchanging other iron salts for
Fe(NO3 ሻଷ w 9 H2 O was tested in the next step. The investigated selection of alternative metal sources comprises several highly soluble salts which are, like
the nitrate anion, weakly coordinating, sterically unproblematic, not basic, inexpensive but do not contain oxidizing anions. The collection of tested salts
comprises iron(III) sulfate, hydrogensulfate, chloride, sulfamate and mesylate.
Iron(III) chloride is certainly not the ęrst choice due to corrosion issues, but
proved to work under the initial, hydrothermal synthesis conditions. The experimental scheme is depicted in Figure 29.
Experiments were conducted similar to the initial procedure described on
p. 170, with the aqueous solution of iron(III) nitrate being replaced by equimolar solutions of the alternative metal salts. If the respective salt was not commercially available, the solutions were prepared by adding the appropriate
amount of the corresponding acid to a suspension of freshly precipitated
iron(III) hydroxide in the appropriate amount of water. For a second run, pH =
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0 was set with the corresponding acid. This is the pH of the initial iron(III) nitrate solution (for iron(III) sulfamate, pH = 1 was set due to the higher pK of
sulfamic acid). Then, these aqueous solutions were mixed with the solution of
trimesic acid and DMSO, and reĚuxed at 130 °C for 24 h.
Unfortunately, MIL-100 was not obtained in any of these experiments. The
observation that iron(III) sulfamate yielded solid product (albeit amorphous)
can be explained by the lower proton concentration due to the higher pK of
sulfamic acid. When comparatively basic iron(III) sulfate was used, amorphous
products were formed as well, even if 1 or 2 sulfate equivalents of sulfuric acid
were added. If 3 eq. of sulfuric acid were added, no products formed. Iron(III)
chloride and iron(III) mesylate did not react with trimesic acid under the reaction conditions to form a solid product. These observations give rise to the assumption that there must be a diěerent mechanism involved in the formation of
MIL-100(Fe) from trimesic acid and iron(III) nitrate dissolved in a DMSO/water
mixture.

Figure 29 Experimental scheme pursued in order to find alternative metal salts for the synthesis of MIL-100(Fe) at ambient pressure.
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Formation of MIL-100(Fe) only under specięc reaction conditions can be explained starting from the fact that Fe3+ cations are well shielded due to complex
formation with DMSO, so that an additional driving force must provoke the
precipitation of the MOF. In regard of the obtained results, the nitrate anion is
likely to be involved in this process. DMSO is known to decompose partially
under experimental conditions, generating (para-)formaldehyde and dimethyl
sulęde (and other products).[240] Especially dimethyl sulęde can reduce nitrates
in an acidic environment, while being converted into dimethyl sulfoxide or dimethyl sulfone.[243] DMSO itself may equally act as a reducing agent. In the end,
nitrate (pK = 15.3) can be converted to more basic nitrite (pK = 10.7).

-

-

NO3 +DMS՜NO2 +DMSO
-

-

NO3 +DMSO՜NO2 +DMSO2
Nitric oxide can also form, consuming protons, [244] and indeed, the formation of
red, acidic fumes was observed during the experiment:

-

2 NO3 +DMS + 2 H+ ՜2 NO2 +DMSO + H2 O
-

2 NO3 +DMSO + 2 H+ ՜2 NO2 +DMSO2 +H2 O

All these reactions lead to decreasing proton concentrations. So, it is reasonable
to assume that deprotonation of the linker acid is provoked according to this
reductive pathway. The fact that MOFs were successfully synthesized by Dinc©
et al. using electrochemical reduction of nitrate to nitrite (see p. 43) further
strengthens this hypothesis. Formation of suĜciently thick MIL-100(Fe) layers
via the thermal gradient deposition route using said DMSO/water solution of
iron nitrate and trimesic acid was not successful due to slow reaction kinetics.
But ęrst tests concerning the subject of depositing MIL-100 layers on negatively
charged substrates while using the presented solution were much more promising (see p. 210, in the Summary and Outlook section). Altogether, presented
DMSO/water route permits to produce MIL-100 from a homogeneous solution
at ambient pressure via a supposedly reductive approach. It paves the way to
industrial production of bulk and coated MIL-100, e.g., for heat transformation.
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MIL-101(Cr): Synthesis Optimization

Mesoporous chromium terephthalate MIL-101(Cr) is one of the most interesting
MOFs not only for heat transformation, but for several other potential applications. This is due to its enormous porosity, high internal surface area and chemical stability. Also, MIL-101(Cr) consists of readily available building blocks.
While the synthesis of MIL-101(Cr) can be easily conducted at the bench, several problems are encountered with a view to cost-eĜcient synthesis on an industrial scale. Two parameters which should preferably be addressed prior to upscaling experiments, have been investigated in the current section.
4.3.1 Different Fluoride Sources
The original synthesis of mesoporous chromium terephthalate MIL-101 is based
on hydrothermal reaction of chromium(III) nitrate and terephthalic acid at
200°C. HydroĚuoric acid may or may not be added to the synthesis mixture.[112]
Correspondingly, either Ěuoride or hydroxide anions may serve as chargebalancing ligands in the inorganic building block of MIL-101(Cr). Preceding
experiments conducted in the group[212] showed that the crystallinity and porosity of the target compound substantially drops when hydroĚuoric acid was
omiĴed. Unfortunately, the use of highly-toxic and corrosive HF drastically
complicates the scale-up of the MIL-101 synthesis and should possibly be
avoided.
For this reason, the possibility of replacing HF by in-situ HF sources was investigated. HF was replaced by equimolar amounts of sodium and/or ammonium Ěuoride, and the resulting solids were tested for Ěuorine content, porosity
and crystallinity. Four samples of MIL-101(Cr) were synthesized according to
the literature procedure by Férey et al.,[112] with the following alterations:
–

A: synthesized according to the original procedure with addition of 5 mmol
of HF

–

B: synthesized according to the original procedure without additives

–

C: synthesized according to the original procedure with addition of 5 mmol
of sodium Ěuoride

–

D: synthesized according to the original procedure with addition of 5 mmol
of ammonium Ěuoride.
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After activation, the crystallinity of the resulting solids was examined by PXRD
(Figure 30).

Figure 30 Powder X-ray diffractograms of MIL-101(Cr) prepared with HF (A), without additives (B), with NaF (C) and NH4F(D), in comparison with simulated data from the literature
cif-file (CCDC-No. 605510).[112] Cu-KD radiation.

For all four samples, reĚections of the desired crystalline phase are recognized
(all reĚections for 2°<2Ό<10°). The additional reĚections around 2T = 12.3° can
be aĴributed neither to MIL-101, nor to the known chromium terephthalate
MOFs MIL-53 or MIL-88B, nor to recrystallized terephthalic acid. The formation
of a diěerent, unidentięed crystalline phase can be anticipated. The small reĚection at 2T = 8.6° can be aĴributed to traces of MIL-88B.
In order to analyze elemental composition and especially Ěuorine content of
the samples, EDX spectra were acquired of the samples A to D as well as of
NaF, NH4 F and CrF3 as reference substances. For results, see Figure 31.
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Figure 31 EDX spectra of the MIL-101(Cr) samples A, B, C, D and reference substances.
Quantitative interpretation (not stated) was found to be inaccurate for light elements. ΈE
indicates the chemical shift of the fluorine KD transition.

Peaks caused by transitions of C, N, O, Na and Cr can be easily assigned. The
energy of the Ěuorine K΅ transition is, unfortunately, subject to considerable
chemical shift, as can be seen from the reference spectra: in NaF and NH4 F, the
Ěuorine K΅ transition can be observed at  ܧൌ0.68 kV, as anticipated, while in
CrF3 , same transition is observed at  ܧൌ0.53 kV. For light elements, bonding
situation has a strong eěect on the electron binding energy. Here, bonding to
chromium shifts the energy of the Ěuorine K΅ transition, which then happens
to coincide with that of the oxygen K΅ transition in the other samples. The
strong chemical shift can be explained with the fact that Ěuorine is an element
from the 2nd period and the observed transition onto the K shell occurs from the
valence shell. Consequently, EDX is not a suitable method to distinguish between chromium bound F, and O. Indeed, no separate Ěuorine peak can be seen
in compound A, which was synthesized with HF. In the literature, the Ěuorine
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content of MIL-101(Cr) synthesized with HF was verięed by ICP-MS.[112] Porosity analysis by N2 adsorption yielded the results given in Table 7.

Table 7 Results of nitrogen adsorption analysis for MIL-101 samples synthesized with different fluoride sources A, B, C and D.

Sample

Additive

SBET

Vpore

A

HF

2522 m²/g

1.23 cm³/g

B

-

2277 m²/g

1.17 cm³/g

C

NaF

2193 m²/g

1.13 cm³/g

D

NH4F

2301 m²/g

1.22 cm³/g

It follows that porosity of MIL-101(Cr) prepared without additives is only minimally lower than porosity of MIL-101(Cr) prepared with HF (or other Ěuoride
sources), although no clear statement can be made on the eěectiveness of Ěuoride incorporation by the diěerently chosen additives. Hence, further upscaling experiments should focus on the Ěuorine-free route in the future.
4.3.2 Application of an Auxiliary Base
Yields for the synthesis of MIL-101(Cr) from chromium nitrate and terephthalic
acid are typically less than 50%, which can be aĴributed to the release of nitric
acid during the reaction, inhibiting further deprotonation of the carboxylic acid
(see section 1.4.3). If one wants to commercialize MIL-101(Cr), means to increase the yield should be investigated.
An obvious possibility to remove nascent nitric acid from the reaction equilibrium consists in adding a base to the reaction mixture. In order to avoid increasing the initial pH of the synthesis mixture beyond the boundaries that
permit the formation of the desired phase, a base of low solubility should be
used. Two routes were tested:
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Replacement of diěerent fractions of chromium nitrate by freshly precipitated chromium hydroxide, produced by addition of sodium hydroxide solution to the reaction mixture,

–

Addition of sparingly soluble magnesium hydroxide to the reaction mixture
with the purpose of direct neutralization of nascent nitric acid.

The reactions were carried out according to the original procedure.[112]
In both cases, the gravimetric yield of the reaction drops with increasing
amounts of base, then it rises again (Figure 32). The product crystallinity drops
continuously (Figure 33).

Figure 32 Gravimetric yield of the MIL-101(Cr) synthesis, with increasing molar ratios of
Cr(NO3)3 replaced by freshly precipitated Cr(OH)3 (blue) or compensated for with the addition of Mg(OH)2 (red).
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a)

b)

Figure 33 PXRD patterns of products from MIL-101 synthesis with freshly precipitated
chromium hydroxide (a), and with additional magnesium hydroxide (b), in comparison
with the pattern simulated from literature single crystal data (CCDC-No. 605510).[112] Cu-KD
radiation.
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An explanation of these results could be the following: both Mg(OH)2 and
Cr(OH)3 dissolve too easily under hydrothermal reaction conditions, before
HNO͵ is produced. The higher the initial pH value, the less MIL-101 but the
more of a rapidly precipitating, amorphous byproduct is formed. This eěect is
illustrated by Figure 34.

Figure 34 Possible explanation for the observed product composition and yield: with increasing pH, formation of MIL-101 is disfavored and formation of an amorphous byproduct is favored.

Another hypothesis is also possible: additional Mg2+ cations may impede the
formation of the desired phase. Further steps should comprise in-situ monitoring of the pH value during the hydrothermal reactions, followed by targetcontrolled dosing of an easily soluble base. If this pathway proves successful,
the next step is to ęnd a sparingly soluble base that is suitable to remove just
the right amount of HNO͵ from the reaction equilibrium. Reductive nitric acid
scavenging similar to the approach that prove successful for the MIL-100 synthesis (see section 4.2 on pp. 169 ě.) should also be investigated.
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Screening of Further Compounds

The suitability of MIL-100(Fe,Al), UiO-66, Hʹ N-UiO-66, UiO-67, Hʹ N-MIL-125
and microporous aluminium fumarate for water sorption was comprehensively
studied in the course of this thesis (see sections 3.1, 3.2 and 3.4). Apart from
these compounds and those specięed in Table 4 on p. 67, further MOFs mentioned in the literature appear principally interesting for water sorption purposes. Porosity data, the anticipated hydrothermal stabilities of the contained
building blocks, strengths of the node-linker bonds and the availability of reagents were taken into account in order to make a selection. Corresponding
MOFs were synthesized according to literature procedures, and water sorption
isotherms were obtained for initial application-related characterization. The
results of this work package are presented in the following paragraphs.
4.4.1 O2N-MIL-101(Cr)
While water uptake of mesoporous chromium(III) terephthalate is higher than
that of any other practical MOF, the rise of the water adsorption isotherm occurs typically at a relative partial pressure of 0.4 ǂȀ ǂ 0.5. This value is too
high for the working conditions of a thermally driven heat pump or chiller (see
p. 24). Several methods are possible for the modięcation of MIL-101(Cr),
whether pre- or postsynthetically. One of the most obvious routes towards a
more polar and thus more hydrophilic MIL-101-type MOF is the implementation of chemically modięed linkers.
Nitroterephthalic acid is an especially promising candidate, because…
–

the nitro group is highly polar, but weakly coordinating, and therefore unlikely to impede formation of the MIL-101 structure

–

the nitro group can be easily introduced into aromatic compounds and
therefore nitroterephthalic acid is comparatively cheap

–

the nitro group can be used as a platform group for postpreparative modięcations due to its chemical versatility.

Two batches of MIL-101(Cr) were synthesized. The ęrst was prepared according to the original literature procedure,[112] for the second, nitroterephthalic acid
was used instead of terephthalic acid.
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After activation, the resulting products were characterized ęrst by X-ray powder diěraction (Figure 35):

Figure 35 PXRD patterns of MIL-101(Cr), synthesized with terephthalic acid, and
O2N-MIL-101(Cr), synthesized with nitroterephthalic acid. Cu-KD radiation.

From these diěractograms, it follows that the crystal structure of MIL-101 is
retained if nitroterephthalic acid is substituted for terephthalic acid, although
reĚections are less strong. No inĚuence on laĴice parameters can be detected.
Water sorption behavior of the two samples was initially investigated by
isothermal water adsorption experiments (Figure 36).
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Figure 36 Water sorption isotherms (25°C ) of MIL-101(Cr) synthesized with terephthalic
acid (, ), and of O2N-MIL-101(Cr) synthesized with nitroterephthalic acid (z,{).
,z = adsorption,

,{ = desorption.

Qualitatively, the water sorption isotherm of Oʹ N-MIL-101(Cr) resembles that
of MIL-101(Cr). The desired shift of the rise of the water sorption isotherms
cannot be seen. Obviously, the polarity of the nitro group does not render the
material more hydrophilic. The loss of water sorption capacity can be aĴributed
to an increased sterical demand of the voluminous nitro groups occupying part
of the pore volume.
The preceding experiments show that nitro groups can be introduced into
MIL-101(Cr) by using nitroterephthalic acid instead of terephthalic acid for the
synthesis. Although no direct eěect onto the hydrophilicity could be observed,
Oʹ N-MIL-101(Cr) may serve as a useful platform MOF for further chemical
modięcations. Subsequent work by Khutia et al. proved that both the water and
also the COʹ adsorption properties of Oʹ N-MIL-101(Cr) can be optimized via
selective postsynthetic functionalization.[118,119]
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4.4.2 MIL-101(Fe)
A structural analogy to very promising MIL-101(Cr) is MIL-101(Fe), or
Fe3 ሺClሻሺH2 Oሻ2 Oሺbdcሻ3 ǡ which is based on iron instead of chromium. Several
beneęts can be expected for their use as heat pump adsorbents:
–

Price: iron salts are less expensive than chromium salts,

–

Toxicity: CrIII-based compounds may contain traces of CrVI. In contrast, FeIII
is toxicologically harmless.

–

Synthesis: synthesis of MIL-101(Cr) requires hydrothermal conditions at
220 °C, whereas MIL-101(Fe), can be synthesized from a DMF solution of
the precursors at 150 °C and ambient pressure, which simplięes adaption to
the thermal gradient process introduced in section 3.3.

–

Water sorption behavior: Hʹ N-MIL-101(Fe) can be synthesized directly,
using aminoterephthalic instead of terephthalic acid. Its amino group may
increase the hydrophilicity of the material, shifting the rise of the water
sorption isotherm, or it may serve as an anchor for further chemical modięcations.

MIL-101(Fe) was prepared from FeCl3 w 6 H2O and terephthalic acid in dimethyl
formamide using microwave heating, according to a literature procedure by
Taylor-Pashow.[245] The product was obtained with very high porosity and internal surface area ( = 4200 m²/g,  = 2.80 cm³/g, no lit. reference available). Powder XRD measurements (Figure 37) point out that no competing crystalline phases (MIL-88B, MIL-53) can be observed. ReĚections at 2ߠ < 7° are considerably less intense than those at 2ߠ > 7°. Diěerent crystal shapes could be an
explanation.
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Figure 37 Powder diffractograms of MIL-101(Cr), simulated from cif-file (CCDCNo. 605510),[112] and of MIL-101(Fe) synthesized according to the literature.[111] Cu-KD radiation.

While the adsorption branch of the water isotherm resembles that of
MIL-101(Cr), the desorption branch is much more shallow, producing a strong
hysteresis (Figure 38), and it almost crosses the adsorption isotherm. Such a
phenomenon points to a low water stability. This assumption is conęrmed by
multi-cycle isobaric adsorption/desorption measurements, where MIL-101(Fe)
lost more than half of its water sorption capacity over 20 cycles (Figure 39).
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Figure 38 Water sorption isotherm of MIL-101(Fe) acquired at T = 25 °C.  = adsorption,
= desorption.

Figure 39 Temperature profile and load signal of the MIL-101(Fe) cycling experiment, acquired at p(H2O) = 5.6 kPa. No adsorption during the last 2 cycles due to failure of the gas
humidification unit.
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Because of its strong desorption hysteresis and its surprisingly low water stability, unmodięed MIL-101(Fe) was not investigated any further.
4.4.3 H2N-MIL-101(Fe)
Although unmodięed MIL-101(Fe) proved unsuitable as a water adsorbent,
Hʹ N-MIL-101(Fe) may overcome these drawbacks due to the following reasons:
–

Electron density in the aminoterephthalate anion is higher than in the terephthalate anion due to the positive mesomeric eěect of the amino
group. Thus, strengthening of the coordinative bond between node and
linker can be anticipated.

–

The amino group can serve as a hydrogen bond donor, increasing the overall hydrophilicity of the material. This was demonstrated using the example
of UiO-66 vs. Hʹ N-UiO-66 (see section 3.2 on p. 83 ě.). Theoretically, hydrophilicity can be increased even further by creating a charged െNHା
3X

group in the material.
H2 N-MIL-101(Fe) was synthesized from iron trichloride hexahydrate and aminoterephthalic acid in dimethyl formamide, followed by activation according to
a literature procedure.[87] Powder X-ray diěraction analysis reveals that the resulting product also contains at least one additional crystalline phase, probably
MIL-88B (see Figure 41).
The water adsorption isotherm of as-activated Hʹ N-MIL-101(Fe) is of type V
and appears not too promising due to the late water uptake (Figure 40).
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Water

 = adsorption,
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sorption

isotherm

of

H2N-MIL-101(Fe)

acquired

at

T = 25 °C.

= desorption.

After stirring the product in 1 mol/L HCl solution with the intent to obtain
ClƉ +H3N-MIL-101(Fe), the original crystal structure was lost, and the PXRD
points out that (undesired) MIL-88B has formed instead.
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Figure 41 Normalized powder diffractograms of as-synthesized Hʹ N-MIL-101(Fe), after protonation (i.e. stirring in 1 mol/l HCl), and simulated diffractograms for MIL-101(Cr) (CCDCNo. 605510)[112] and Hʹ N-MIL-88B(Fe) (CCDC-No. 647646).[130] Cu-KD radiation.

Investigation of Hʹ N-MIL-101(Fe) was abandoned after these experiments because of the disadvantageous water adsorption characteristics which could not
be improved by protonation, and because it was revealed in the literature that
Hʹ N-MIL-101(Fe) is unstable even under physiological conditions.[245]
4.4.4 H2N-MIL-101(Al)
MOFs with the MIL-101 structure can be obtained not only with CrIII or FeIII, but
also with AlIII cations when aminoterephthalic acid is used as the linker. With
regard to the intended application as a heat pump adsorbent, Hʹ N-MIL-101(Al)
with the empirical formula Al3Cl(H2O)2O(H2N-bdc)3 seems a very promising
alternative to “classical”, chromium-based MIL-101:
–

aluminium is lighter than chromium, and a lighter framework results in
higher specięc porosities and increased specięc water sorption capacities,

–

aluminium salts are cheap

–

toxicologically, aluminium salts are harmless
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–

amino-modięed linkers bring advantages mentioned on p. 189,

–

ambient-pressure solvothermal synthesis,

–

high thermal and chemical stability was reported,[110] high water stability
can be anticipated from the strength of the coordinative bond between the
Al͵ O nodes and the aminoterephthalate anions (similar to MIL-100(Al)).[48]

Hʹ N-MIL-101(Al) was synthesized via solvothermal reaction of aluminium
chloride and aminoterephthalic acid in dimethyl formamide, and activated according to the literature procedure.[110]

Figure 42 Normalized powder diffractograms of H2N-MIL-101 after activation, after hydration, comparison with simulated patterns of MIL-101(Cr) (CCDC-No. 605510),[112]
H2N-MIL-88B(Fe) (CCDC-No. 647646 ),[130] and the pattern measured for aminoterephthalic
acid. Cu-KD radiation.
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Figure 43 Water sorption isotherm of H2N-MIL-101(Al) acquired at T = 25 °C.
 = adsorption,

= desorption.

The PXRD paĴern of the activated Hʹ N-MIL-101(Al) sample shows comparatively poor crystallinity, and apart from MIL-101, there are MIL-88B and crystalline aminoterephthalic acid also present in the sample. (Figure 42). The water
sorption isotherm of Hʹ N-MIL-101(Al) also shows clear signs of decomposition
(the desorption branch crossing the adsorption branch, Figure 43). The powder
paĴern of the sample used for acquisition of the water sorption isotherm does
not contain evidence for conservation of the MIL-101 structure – instead,
MIL-88B and aminoterephthalic acid were formed. Hʹ N-MIL-101(Al) therefore
proved unstable in the presence of water and it was deemed unsuitable for the
use as a heat pump adsorbent.
To sum up sections 4.4.1 to 4.4.4, it can be stated that stability criteria required for water-based heat transformation applications are met by neither
MIL-101(Fe), nor by Hʹ N-MIL-101(Fe), and not at all by Hʹ N-MIL-101(Al),
compared to isostructural MIL-101(Cr). This is unexpected in so far that for related MIL-100(Cr, Al, Fe), hydrothermal stability was found to depend much
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less on the metal, be it chromium, iron or aluminium (see section 3.1). One explanation is that MIL-101(Fe), Hʹ N-MIL-101(Fe) and Hʹ N-MIL-101(Al) are synthesized from the respective metal chloride salts, while chloride-free routes are
used to synthesize MIL-100(Al,Fe,Cr). For Hʹ N-MIL-101(Al), it was verięed that
chloride anions serve as charge-balancing ligands in the M͵ O nodes,[110] while in
MIL-101(Cr)[112] and also in MIL-100(Al,Fe,Cr),[105,106,246] Ěuoride or hydroxide are
found instead. Due to the use of chloride salts for synthesis, it is reasonable to
assume that MIL-101(Fe) and Hʹ N-MIL-101(Fe) equally contain chloride anions.
Considering the HSAB principle, it follows that Cr-F, Cr-O, Fe-O, Fe-F and also
Al-O bonds are principally stronger and therefore much less prone to hydrolysis than Fe-Cl or even Al-Cl bonds.
4.4.5 MIL-110(Al)
Like

MIL-100(Al),

which

was

extensively

investigated

in

section 3.1,

MIL-110(Al) is an aluminium trimesate, carrying the empirical formula
Al8 (OHሻ12 [ሺOHሻ3 ሺH2 Oሻ3 ]ሺbtcሻଶ Ǥ Porosity is caused by hexagonally shaped 1Dchannels with a diameter as low as 1.6 nm, the specięc surface area is reported
to be ܵ = 1400 m²/g, micropore volume ܸ = 0.58 cm³/g.[127]

Figure 44 Representation of the structure of MIL-110. a) Viewed along the c axis, the hexagonal shape of the 1D pores can be seen, delimited by Al8 nodes (violet and orange) and
the trimesate linker. b) View along the a axis. The connectivity between the Al8 nodes and
the trimesate linker forming channel walls are visible.
Reprinted by permission of Macmillan Publishers Ltd: Nature Materials 2007, 6, 760-764.[127]
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MIL-110 features a comparatively high porosity and a small pore diameter
compared to other MOFs. Because of the large number of hydroxide anions in
the structure, increased hydrophilicity may be expected, too.
MIL-110 was synthesized according to a literature procedure[247] and tested
for its water sorption behavior. In the PXRD paĴern, reĚections of no other,
competing phase (MIL-100 or MIL-96) can be observed. However, reĚex intensities diěer considerably from those of the simulated paĴern, which may be due
to diěerent morphology. The specięc surface area of the product was determined at ܵ = 1560 m²/g, the micropore volume at ܸ = 0.70 cm³/g.

Figure 45 PXRD of activated MIL-110, comparison with simulation from literature single
crystal refinement data (Table 5 in Supplementary Information of Ref.[127]). Cu-KD radiation.
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Figure 46 Water sorption isotherm of MIL-110, acquired at T = 25 °C.  = adsorption,
= desorption.

The water adsorption isotherm of MIL-110, depicted in Figure 46, conęrms the
assumptions made in the beginning at least qualitatively: The main lift occurs at
a low relative pressure (Τ ൏ 0.20). This shows that the compound is indeed
more hydrophilic than most other MOFs. However, the water uptake during
the main loading step is a mere 0.22 g/g, which means that only about 30% of
the pore volume is ęlled. A possible explanation is that the narrow channels are
blocked by initially adsorbed water molecules that coordinate strongly to the
highly hydrophilic Alͺ nodes. Desorption hysteresis of MIL-110 is quite strong,
which also points to a strong bond between adsorbent and adsorbate.
The equilibrium water sorption properties of MIL-110(Al) resemble those of
established, purely inorganic adsorbents like Zeolite Y (see also page 29). For
this reason, immediate advantages cannot be drawn from the implementation
of MIL-110 into heat pump applications, and hence, investigation of this compound was abandoned. The interesting inĚuence of particle size on poreblocking eěects should be investigated in future research.
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Experimental

In this section, experimental details are given for the processes presented in the
current chapter (Unpublished Results). Experimental details of the cumulative
part of this paper are given in the respective publications.
4.5.1 Reagents and Solvents
Ethanol (96 %, Carl Roth) was distilled prior to use.
Methanol (HPLC grade, BDH Prolabo) was used as received.
N,N-dimethyl formamide (ǃ 99.9 %, anhydrous, BDH Prolabo) was distilled prior
to use. The ęrst and the last 10 % of the distillate were discarded.
Dimethylsulfoxide (ǃ 99.5 %, Carl Roth) was used as received. After opening,
boĴles were used within 2 weeks.
Metal salts, organic linker compounds and other reagents were used as received.
4.5.2 Instrumentation
N2 adsorption isotherms were obtained on a Quantachrome® Nova @ 77 K, after
vac. degassing (120 °C / 24h).
H2O adsorption isotherms were obtained on a Quantachrome® Hydrosorb, after
vac. degassing (120 °C / 24h).
Powder cycle stabilities were examined in a Setaram™ TGA-DSC-111. A humidięed argon gas Ěow (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 varied between 40 °C and
140 °C with a cycle time of 5 h.
Powder X-ray diěractograms were acquired on a Bruker D8 Advance with DaVinci™, using a Cu anode tube at 40 kV/40 mA, with a Ni ęlter and constant sample illumination spot size (broadness: 12 mm); step size 0.02°, 1.0 s/step, Cu-KD
radiation. A rotating sample holder was used for powders. A Newport stage
with three axes was used for coated sheets.
Multi-cycle tests of the copper sheet coated with HKUST-1 were performed in a
purpose-made, isobaric testing device. In an evacuated tank ęlled with ethanol
vapor at 3.2 kPa or methanol vapor at 7.5 kPa or water vapor at 1.3 kPa, the
sample was aĴached to a heating/cooling plate and exposed to alternating tem-
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peratures of 25 °C or 125 °C for 90 seconds each. This corresponds to relative
vapor pressures of p/pͲ = 0.54 or 0.006 for ethanol, p/pͲ = 0.44 or 0.01 for methanol, and p/pͲ = 0.55 or 0.006 for water vapor.
4.5.3 Synthesis of MIL-100(Fe) in DMSO/water
In a 250 ml round-boĴom Ěask equipped with a magnetic stirring bar, a reĚux
condenser and an internal thermometer, 1.12 g of trimesic acid (ǃ 98 %, TCI)
were dissolved in 40 ml of dimethyl sulfoxide. The solution was heated to a
temperature of 90 °C. Then, a solution of 3.24 g of iron(III) nitrate nonahydrate
(ǃ 96 %, Carl Roth) in 8 ml of deionized water was added and the mixture was
reĚuxed at 130 °C with gentle stirring. Within 30 min. the yellow-green, clear
solution turned amber and then turbid.
The solid was recovered by centrifugation of the hot solution after 24 h, or earlier, with the centrifugate being recovered and reĚuxed further, as stated in Table 5 on p. 172.

Note: DMSO and iron(III) nitrate are listed as incompatible chemicals.[248] Precipitation of Fe(NO3 ሻଷ w 6 DMSO (yellow crystals) was observed if the fresh reaction mixture was allowed to sit at RT over a longer period, especially if the prescribed water content was not maintained. Fe(NO3 ሻଷ w 6 DMSO was patented as
an explosive.[241]

Activation was performed by stirring the solids thrice in 25 ml of N,N-dimethyl
formamide for 1 h, 1 h and 24 h. Then, they were stirred thrice in 25 ml of ethanol for 1 h, 1 h and 24 h, and air-dried for 12 h at 80 °C. Yield: 1.25 g for the 24 h
synthesis (72 %).
4.5.4 Synthesis of MIL-100(Fe) in DMSO/water with the addition of nitric
acid
In a 40 ml PTFE vessel, 0.448 g of trimesic acid (ǃ 98 %, TCI) were dissolved in
16 ml of DMSO. In a separate Ěask, 1.29 g of iron(III) nitrate nonahydrate
(ǃ 96 %, Carl Roth) were dissolved in diěerent mixtures of water and nitric acid
(65 %, BDH Prolabo). The used mixtures were: 3.20 ml of water and 0 ml of
65 % HNO͵ , 3.14 ml of water and 112 μl of 65 % HNO͵ , 3.09 ml of water and
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223 μl of 65 % HNO͵ , 3.05 ml of water and 446 μl of 65 % HNO͵ Ǥ See Table 6 at
p. 175 for details.
The respective aqueous solutions of iron(III) nitrate nonahydrate and nitric
acid were added into the PTFE vessel which was then covered with a petri dish
and placed in a heating block with a temperature of 130 °C. After 24 h, the vessel was removed from the heating block and the solid was retrieved by centrifugation.
Activation was performed by stirring the product thrice in 25 ml of
N,N-dimethyl formamide for 1 h, 1 h and 24 h. Then, it was stirred thrice in
25 ml of ethanol for 1 h, 1 h and 24 h, and dried in air for 12 h at 80 °C.
Yield: see Table 6 at p. 175.
4.5.5 Synthesis of MIL-100(Fe) with different metal salts
Experiments regarding the synthesis of MIL-100(Fe) from diěerent metal salts
were performed like the initial experiment which is described in section 4.5.3.
Instead of an aqueous solution of iron(III) nitrate, the following solutions were
used for the experimental scheme depicted in Figure 29 at p. 177:
Iron(III) hydrogensulfate solution: 4 mmol (2.03 g) of iron(III) sulfate (22% iron
content, BDH Prolabo) were dissolved in 8 ml of deionized water. 12 mmol of
conc. sulfuric acid (640 μl) were added to the solution in order to obtain a
iron(III) hydrogen sulfate solution: Fe2(SO4)3 + 3 H2SO4 ՜ 2 Fe(HSO4)3
pH = 0 was adjusted with conc. sulfuric acid.
Iron(III) chloride solution: 8 mmol of iron(III) chloride hexahydrate (1.08 g, ǃ
98 %, Carl Roth) were dissolved in 8 ml of deionized water. pH = 0 was adjusted by dropwise addition of conc. hydrochloric acid.
Iron(III) sulfamate solution: To the iron(III) oxide hydroxide suspension described below, 2.3 g (24 mmol) of crystalline sulfamic acid were added while
stirring. The mixture turned clear:
Fe(O)(OH) + 3 H2N-SO3H ՜Fe(H2N-SO3)3 + 3 H2O pH ƿ 1 was adjusted with
crystalline sulfamic acid.
Iron(III) mesylate solution: To the iron(III) oxide hydroxide suspension described below, 1.56 ml (24 mmol) of methanesulfonic acid were added. The mixture turned clear: Fe(O)(OH) + 3 Me-SO3H ՜Fe(Me-SO3)3 + 3 H2O
pH = 0 was adjusted with methanesulfonic acid.

Unpublished Results

203

Iron(III) oxide hydroxide suspension: To a solution of 3.24 g of iron(III) nitrate
nonahydrate (ǃ 96 %, Carl Roth) in 30 ml of deionized water, ammonium hydroxide solution (25%) was added in drops until no further precipitation could
be noticed and pH ǃ 10 was achieved. The resulting solid was removed by centrifugation, thoroughly washed with deionized water until pH = 7 and ęnally
redispersed in 8 ml of deionized water.
4.5.6 Synthesis of MIL-101(Cr) and O2N-MIL-101(Cr)
MIL-101(Cr) was synthesized according to a literature procedure.[112] The synthesis of Oʹ N-MIL-101(Cr) was adapted. 2.00 g of chromium(III) nitrate nonahydrate (ǃ 98 %, Sigma-Aldrich), and either 5 mmol of terephthalic acid
(830 mg, 99 %, Acros) or nitroterephthalic acid (1055 mg, 99 %, Alfa-Aesar) and
25 g of deionized water were put in a 40 ml PTFE vessel which was placed into
an autoclave.
The autoclave was sealed, placed into a heating block and heated at 220 °C
for 8 h (heating ramp: 1 h, natural cooling). Solids were recovered by centrifugation. Activation was performed by stirring the solids thrice in 25 ml of
N,N-dimethyl formamide for 1 h, 1 h and 24 h, then thrice in 25 ml of ethanol
for 1 h, 1 h and 24 h. The products were air-dried for 12 h at 80 °C. Yield: 0.80 g
(50 %) for MIL-101(Cr)), 0.73 g (43%) for Oʹ N-MIL-101(Cr). Percent values are
calculated assuming the formula Cr3(OH)(H2O)2O(bdc)3 x 25 H2O, or, respectively, Cr3(OH)(H2O)2O(O2N-bdc)3 x 25 H2O.[112]
4.5.7 Synthesis of MIL-101(Cr) with magnesium hydroxide
Synthesis was performed as described in section 4.5.6 but with magnesium hydroxide (Ph. Eur., BDH Prolabo) added to the reaction mixture, with the hydroxide amounts of substance corresponding to 0, 0.2, 0.4, 0.6, 0.8 and 1.0
equivalents of the nitrate anions present in the initial reaction mixture. 0 mg,
87.5 mg, 175 mg, 262.5 mg, 350 mg, or 438 mg, respectively, were applied.
Yields: 1.31 g (80 %), 0.85 g (53 %), 0.57 g (53 %), 0.66 g (41 %), 0.80 g (50 %),
0.90 g

(56 %).

Percent

values

Cr3(OH)(H2O)2O(bdc)3 x 25 H2O.[112]

are

calculated

assuming

the

formula
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4.5.8 Synthesis of MIL-101(Cr) with chromium hydroxide
Synthesis was performed as in section 4.5.6, but 0 %, 20 %, 40 %, 60 %, 80 % and
100 % of the chromium content in the initial reaction mixture was precipitated
as Cr(OH)3 by addition of 0; 0.2; 0.4; 0.6; 0.8 and 1.0 nitrate equivalents of sodium hydroxide. This was performed by replacing part of the water with 4 mol/L
sodium hydroxide solution. Batches were prepared with 2.0 g of chromium(III)
nitrate nonahydrate (ǃ 98 %, Sigma-Aldrich), 855 g of terephthalic acid (99 %,
Acros), and 25 ml of water and 0 ml of 4 mol/L NaOH; 24.24 ml of water and
0.765 ml of 4 mol/L NaOH; 23.47 ml of water and 1.53 ml of 4 mol/L NaOH;
22.71 ml of water and 2.30 ml of 4 mol/L NaOH; 21.94 ml of water and 3.06 ml
of 4 mol/L NaOH; 21.18 ml of water and 3.82 ml of 4 mol/L NaOH. Yields:
1.31 g (81 %), 1.02 g (63 %), 0.93 g (57 %), 0.53 g (33 %), 1.07 g (66 %),
1.01 g (63 %).

Percent

values

are

calculated

assuming

the

formula

Cr3(OH)(H2O)2O(bdc)3 x 25 H2O.[112]
4.5.9 Synthesis of MIL-101(Cr) with different fluoride sources
Synthesis was performed as in section 4.5.6 with additional 0.210 g of sodium
Ěuoride (ǃ 99 %, Applichem), 0.185 g of ammonium Ěuoride (ǃ 98 %, SigmaAldrich), or 180 μl of hydroĚuoric acid (48 %, BDH Prolabo) in the reaction mixture. Yields: 0.80 g (49 %), 0.66 g (41 %), 0.99 g (62 %). Percent values are calculated assuming the formula Cr3(OH)(H2O)2O(bdc)3 x 25 H2O.[112]
4.5.10 Synthesis of MIL-101(Fe)
MIL-101(Fe) was synthesized according to a literature procedure.[87] In a 60 ml
PTFE vessel, 1.49 g of iron(III) trichloride hexahydrate (98 %, Carl Roth) and
0.466 g of terephthalic acid (99 %, Acros) were dissolved in 30 ml of N,Ndimethyl formamide. The vessel was sealed and placed into an autoclave, and
heated in an MLS Ethos Plus microwave oven to a temperature of 423 K for 1 h.
Activation was performed by stirring the solid thrice in 25 ml of N,N-dimethyl
formamide for 1 h, 1 h and 24 h. Then, it was stirred thrice in 25 ml of ethanol
for 1 h, 1 h and 24 h, and dried in air for 12 h at 80 °C. Yield: 0.88 g (60 % assuming the formula Fe3Cl(H2O)2O(bdc)3 x 25 H2O.)
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4.5.11 Synthesis of H2N-MIL-101(Fe)
Hʹ N-MIL-101(Fe) was synthesized according to a literature procedure.[87] In a
60 ml PTFE vessel, 1.49 g of iron(III) trichloride hexahydrate (98 %, Carl Roth)
and 0.500 g of aminoterephthalic acid (99 %, Alfa-Aesar) were dissolved in
30 ml of N,N-dimethyl formamide. The vessel was sealed and placed into an
autoclave, and heated in an MLS Ethos Plus microwave oven to a temperature
of 423 K for 1 h. Activation was performed by stirring the solid thrice in 25 ml
of N,N-dimethyl formamide for 1 h, 1 h and 24 h. Then, it was stirred thrice in
25 ml of ethanol for 1 h, 1 h and 24 h, and dried in air for 12 h at 80 °C.
Yield: 1.01 g (66 %, assuming the formula Fe3Cl (H2O)2O(H2N-bdc)3 x 25 H2O).
4.5.12 Synthesis of H2N-MIL-101(Al)
H2 N-MIL-101(Al) was synthesized according to a literature procedure.[110] In a
80 ml PTFE vessel, 1.02 g of aluminium chloride hexahydrate (99 %, SigmaAldrich) and 1.12 g of aminoterephthalic acid (99 %, Alfa-Aesar) were dissolved
in 60 ml of N,N-dimethyl formamide. The vessel was sealed, placed into an autoclave, and heated in a MLS Ethos Plus microwave oven to a temperature of
403 K for 8 h. The resulting powder was recovered by centrifugation. Activation
was performed by stirring the solid thrice in 25 ml of N,N-dimethyl formamide
for 1 h, 1 h and 24 h. Then, it was stirred thrice in 25 ml of ethanol for 1 h, 1 h
and 24 h, and dried in air for 12 h at 80 °C. Yield: 1.32 g (91 % based on aminoterephthalic acid).
4.5.13 Synthesis of MIL-110(Al)
Synthesis of MIL-110(Al) was performed according to a literature procedure.[127]
In a 40 ml PTFE vessel, 656 mg of aluminium nitrate nonahydrate (p.a., Merck)
were dissolved in 10 ml of deionized water. The pH of this solution was adjusted to pH = 3.9 using approx. 0.9 ml of a 4 mol/L sodium hydroxide solution.
220 mg of trimethyl trimesate (98 %, Sigma-Aldrich) were added and the PTFE
vessel was placed into an autoclave heated to 210 °C which then was sealed.
After 3 hours the solid was removed by centrifugation. Activation was performed by boiling the solid for 2 x 24 h in 200 ml of DI water followed by vacuum drying. Yield: 200 mg, which is 97 % for the anticipated formula
Al8 (OHሻ12 [ሺOHሻ3 ሺH2 Oሻ3 ]ሺbtcሻଶ Ǥ
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Summary and Outlook

Summary of this thesis
In this thesis, numerous important aspects of implementing metal-organic
frameworks into heat pump applications were covered comprehensively. Most
of the results were published in seven peer-reviewed journal papers (ęve of
them ęrst-authored) and in three conference contributions.
This thesis started with the evaluation of principally suitable MOFs. From
the abundance of diěerent metal-organic framework structures known from the
literature, a considerable number was selected according to pore geometry, hydrothermal stability, hydrophilicity (i.e. suitable equilibrium water sorption
behavior), toxicological and economic considerations. This selection comprises
MIL-100(Al),

MIL-100(Fe),

MIL-101(Fe),

H2 N-MIL-101(Fe),

MIL-110(Al),

H2 N-MIL-101(Al), O2 N-MIL-101(Cr), UiO-66(Zr), H2 N-UiO-66(Zr), UiO-67(Zr),
H2 N-MIL-125(Ti), and microporous aluminium fumarate. Samples of these materials were synthesized and characterized structurally before being subjected
to application-orientated analysis. The laĴer comprises equilibrium water (or
methanol/ethanol) adsorption experiments, thermal conductivity tests or investigation of reversible structural changes if subject to diěerent degrees of humidity. For MOFs that proved of value in these experiments, additional multi-cycle
ad-/desorption tests with water vapor were conducted. Properties of all investigated MOFs are summarized in Table 1 on p. VIII in the “Theses” section.
MIL-100(Fe) has by far the highest water uptake capacity, albeit at a comparatively high relative pressure (0.7 g/g at p/pͲ = 0.4). This material could be used
e.g. for solar cooling applications where driving heat temperature is limited. As
the water loading lift decreases by about 7 % over 40 cycles, further investigations should clarify whether degradation ceases after several initial cycles and
the water capacity stabilizes at an acceptable value.
Microporous aluminium fumarate, on the other hand, features a water uptake
of 0.35 g/g. Under realistic, isobaric working conditions, adsorption occurs at
p/pͲ = 0.2 to 0.25 (1.2 kPa), desorption at p/pͲ = 0.45 to 0.3 (5.6 kPa). These ęgures match the demands of thermally driven chillers excellently (see pp. 24 ě.).
No loss of water capacity could be detected after 40 cycles. μp-AF is also of in-
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terest because the technical synthesis is much more cost-eĜcient than that of
comparable inorganic adsorbents such as AlPOs.
With a selection of principally suitable MOFs being established, the fabrication of thick, sturdy, thermally highly conducting and highly accessible coatings was
addressed in the next step. With the thermal gradient approach, a straightforward, industrially viable tool for the creation of such layers could be developed.
The capability of this method was demonstrated ęrst using the example of copper trimesate HKUST-1 deposited on copper substrates and later extended to
μp-AF on Al substrates. The resulting coatings were analyzed profoundly, including structure, thermophysical properties, sorption behavior and mechanism of adhesion. Application-related properties were also tested comprehensively, namely thermal conductivity and multi-cycle stability with MeOH/EtOH
vapor for HKUST-1 and water vapor for μp-AF. Both materials withstood several thousands of ad-/desorption cycles without notable structural losses.
Finally, the synthesis route for MIL-100(Fe) was examined, targeting a way to
precipitate this highly promising MOF from a homogeneous solution at ambient pressure. These aspects are key issues for economical large-scale production, as well as for direct crystallization of coatings e.g. by thermal gradient
deposition. Iron(III) nitrate and trimesic acid dissolved in a zeotropic
DMSO/water solution were found to be a suitable reaction mixture for this purpose. Extensive tests with diěerent iron salts gave rise to the educated theory
that MIL-100(Fe) is formed via a reductive pathway when the DMSO/water
route is taken.
InĚuence of base addition and diěerent Ěuoride sources to the synthesis of another promising adsorbent, mesoporous chromium terephthalate MIL-101(Cr),
was also investigated.
Outlook
Regarding the prospects of future research, the stability of very promising MIL100(Fe) and MIL-100(Al) should be tested for several thousands of ad/desorption cycles, including mechanisms of degradation and possible stabilization routes.
InĚuence of crystallite size on the water-accessible pore volume is also a very
important topic, as can be seen especially from the example of MIL-110(Al).
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SuĜciently small crystallites or even nanoparticles could drastically increase
the equilibrium water uptake.
As the focus of this research was put on the equilibrium adsorption properties, adsorption kinetics also remains to be investigated in the future. In this context, determining the rate-limiting factors (conveyance of heat vs. inter- and intracrystalline mass transport) appears to be a crucial task because heatexchanger geometries keep developing. Design goals for heat exchangers not
only depend on engineering specięcations but also on adsorbent properties. As
an example, fast inter- and intracrystalline diěusion permits thicker adsorbent
layers and therefore less complex heat exchanger geometries – but only if mass
transport instead of heat transport is the limiting factor.
Although numerous MOFs were screened for their suitability in heat-pump
applications, ongoing research in the ęeld of MOF chemistry in fundamental
research or other ęelds of application should be carefully monitored for potentially suitable developments.
The DMSO/water route should also be investigated for other MOFs that are
of industrial interest but currently available only by means of hydrothermal
synthesis. It could even be extended to other inorganic adsorbents such as zeolites, SAPOs or AlPOs.
With the long-term objective of producing highly eĜcient heat exchangers,
the thermal deposition procedure should be extended to MIL-100, as a foundation
has been already laid by establishing the DMSO/water route. First tests brought
very promising results, as layers of crystalline MIL-100(Fe) could be deposited
on stainless steel and aluminum supports using the DMSO/water approach together with a thermal gradient and cathodic reduction of the nitrate anion (see
Figure 47). Again, mechanisms of adhesion, thermal conductivities and longterm stabilities will have to be investigated and optimized.
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Figure 47 Optical image of a sample of a MIL-100(Fe) coating on 304 stainless steel support
obtained via the DMSO/water reductive pathway, and comparison of the PXRD pattern of
the coating (measured in the area between the black dots) with the theoretical pattern
(CCDC-No. 640536 ).[106] Cu-KD radiation.

Subsequently, the thermal gradient procedure should be extended from
5 x 5 cm² sheets to more realistic and larger 3D structures. In this context, upscaling issues like continuous conditioning of the reaction solution, solvent regeneration and undesired bulk precipitation should be investigated. First tests
already proved that real-size ęn-tube coils can be coated with HKUST-1 quite
straightforwardly (see Figure 48).
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Figure 48 Fin-coil heat exchanger ( = 10 cm) coated with HKUST-1 using the thermal gradient approach. © Fraunhofer ISE.

In summary, it can be stated that the achievements accomplished in this thesis
can help to establish metal-organic frameworks in many ęelds of application,
where water adsorption behavior, hydrothermal multi-cycle stability, thermal
coupling and ease of preparation are of importance. The results of this thesis
pave the way for functionally coated heat exchangers which take full advantage
of the tremendous characteristics of metal-organic frameworks. They can help
to establish sorption-based heat transformation as an eĜcient, ecologically
sound and economically viable method for both domestic and industrial heating and cooling. At the same time, further potential high-turnover applications
for metal-organic frameworks, such as heterogeneous catalysis, gas storage or
gas separation, may also beneęt from the results.
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