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CHAPTER I 

Introduction 

1.1 Sustainable energy 

The global energy demand is increasing as the world population is growing. The World 

Energy Council (WEC) estimates that the total primary energy supply (equal to 

consumption) will increase worldwide from 546 EJ (10
18

J) in 2010 to 879 EJ in 2050 if 

the focus is on energy equity with priority given to achieving individual access and 

affordability of energy through economic growth [1]. This primary energy supply will 

still reach 696 EJ in 2050 even if the focus is on achieving environmental sustainability 

through internationally coordinated policies and practices [1]. This rise in energy 

demand is concerning, as currently energy is mainly provided by unsustainable sources 

such as fossil fuels. These carbon-based sources of energy including coal, oil and 

natural gas supplied 81.1% of world total primary energy in 2016 [2]. The heavy 

reliance of global energy supplies on fossil fuels has raised concerns about the 

consumption of these carbon-based energy sources, particularly as fossil fuels are non-

renewable since their formation takes millions of years. Moreover, widespread use since 

the industrial revolution has resulted in high levels of carbon dioxide emission linked to 

rising global temperatures. The International Energy Agency 2°C scenario (2DS) 

suggests an energy system pathway to limit the average global temperature increase to 

2°C by 2100 [3]. This target requires the development of low-carbon energy sources to 

replace fossil fuels. 

1.2 Hydrogen energy 

Hydrogen is a flexible energy carrier and a promising alternative to fossil fuels [4]. 

Hydrogen is the lightest element and is abundant and well-distributed around the world. 

Hydrogen has the highest gravimetric density compared to other chemical fuels. For 
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example, the lower heating value (LHV) of hydrogen is 118.8 MJkg
–1

 which is three 

times of that of gasoline at 43.2 MJkg
–1

 [5]. Hydrogen reacts with oxygen to produce 

water; which is the only emission in fuel cells but can be accompanied by small 

amounts of NOx in the case of combustion in air. Though hydrogen is a suitable 

substitute for fossil fuels, it is not naturally occurring and must be extracted from other 

compounds. Currently, hydrogen is produced either from decomposition of water or by 

steam reforming of natural gas [6]. While currently the latter method is the more 

popular, it has the disadvantage of employing fossil fuels and producing CO2 emissions 

[6]. Electrolysis using an electric current, thermochemical water splitting, thermolysis, 

solar photovoltaic electrolysis, high temperature electrolysis and photo-electrolysis are 

methods to produce green hydrogen from water [7]. As a multipurpose energy carrier, 

hydrogen is able to significantly reduce the amount of carbon dioxide emissions in our 

environment provided it is generated using renewable energy sources such as solar, 

wind, wave or tide. 

1.3 Hydrogen storage 

The term “hydrogen economy”, described as a system of delivering energy using 

hydrogen, was first introduced by J. Bockris in 1970 [8]. In a generic hydrogen energy 

system, the hydrogen must be produced and stored, and then used when and where there 

is an energy demand. While hydrogen production via water electrolysis, and hydrogen 

use through either fuel cells to generate electricity or in combustion engines, are both 

proven technologies, hydrogen storage remains as a bottleneck in the wide scale 

implementation of a hydrogen economy. Despite the high gravimetric energy density of 

hydrogen, its volumetric energy density is quite low [9], 0.101 MJl
–1

 compared to 31.7 

MJl
–1

 for gasoline under ambient temperature and pressure conditions [5]. This problem 

is challenging when considering the whole storage system, as large pressure 

containment vessels add more weight and volume and reduce the storage system 
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efficiency. Technologies to increase the hydrogen storage efficiency will differ 

depending on the application and the location. Inner city domestic power will have 

different requirements to remote communities and both of these will be different from 

mobile applications, such as public transport and private vehicles. Currently, in the 

United States of America, 29 % of energy is used in transport, 32 % in industry and 20 

% in domestic dwellings [10]. For mobile applications, a series of technical targets have 

been released by the U.S. Department of Energy (DOE), specifically for on-

board hydrogen storage for light-duty fuel cell vehicle application. The latest targets, 

revised in May 2017, are shown in Table 1.1 [11]. 

Table 1.1 Technical system targets: on-board hydrogen storage for light-duty fuel cell vehicles 

a
. 

Storage Parameter Units 2020 2025 Ultimate 

System Gravimetric Capacity 

Usable, specific-energy from H2 (net useful 

energy/max system mass)
b
 

kWh/kg 

(kg H2/kg 

system) 

1.5 

(0.045) 

1.8 

(0.055) 

2.2 

(0.065) 

System Volumetric Capacity 

Usable energy density from H2 (net useful 

energy/max system volume)
b
 

kWh/l 

(kg H2/l system) 

1.0 

(0.030) 

1.3 

(0.040) 

1.7 

(0.050) 

a
 For a normalized comparison of system performance to the targets, a usable H2 storage capacity of 5.6 

kg H2 should be used at the lower heating value of hydrogen (33.3 kWh/kg H2). Targets are for a 

complete system, including tank, material, valves, regulators, piping, mounting brackets, insulation, 

added cooling capacity, and all other balance-of-plant components. All capacities are defined as usable 

capacities that could be delivered to the fuel cell system. All targets must be met at the end of service life. 
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b
 Capacities are defined as the usable quantity of hydrogen deliverable to the fuel cell system divided by 

the total mass/volume of the complete storage system, including all stored hydrogen, media, reactants 

(e.g., water for hydrolysis-based systems), and system components. Capacities must be met at end of 

service life. Tank designs that are conformable and have the ability to be efficiently packaged on board 

vehicles may be beneficial even if they do not meet the full volumetric capacity targets. 

 

Different techniques can be employed to store hydrogen including compressed gas in high-

pressure cylinders, liquefaction of hydrogen under cryogenic conditions, as well as 

chemisorption and physisorption using solid state materials. Each of these hydrogen 

storage techniques will be briefly discussed here; however, physisorption will be 

described in detail in the next section as it is the main focus of this study.  

For gas compression, hydrogen is pressurised to a suitable pressure, and stored inside a 

high tensile strength material tank. This compression can increase the density of the gas 

significantly (39.3 kgm
–3

 at 25 °C and 700 bar) [12]. The conventional 700-bar gas 

compression technology is currently the most common hydrogen storage technique 

amongst vehicle manufacturers and has been used in commercial hydrogen-powered 

fuel cell electric vehicles (FCEVs) such as Toyota Mirai [13], Honda Clarity [14] and 

more recently Riversimple Rasa [15]. The pressurised hydrogen tanks are usually made 

of lined carbon fibre reinforced polymers which are low-density materials [16]. 

Although these tanks typically have a system gravimetric density of 5.2 wt% and a 

volumetric density of 0.0263 kgl
–1

, they do not meet the 2020 DOE targets [17]. The 

disadvantages, including cost and the space used are the driving force to develop new 

approaches to store hydrogen. Liquefaction, cooling the hydrogen to below its critical 

temperature (20 K) to make a cryogenic liquid, increases the density to 0.708 kgl
–1

 

which is nearly twice the density of 700-bar compressed hydrogen [18]. However, the 

liquefaction process demands a lot of energy (14.1 MJkg
–1

) using 40–45% of the lower 

heating value of hydrogen (47.5–53.5 MJkg
–1

) [19, 20]. Ventilation of the gas released 
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during warming is another requirement of liquid hydrogen  tanks [21], which is a 

problem when the vehicle is stored for long periods of time, and also requires 

technologies to consume or convert the hydrogen, rather than release into the 

atmosphere. 

Unlike hydrogen compression and liquefaction techniques, in which hydrogen is stored 

by itself, solid-state hydrogen storage introduces materials capable of storing hydrogen, 

either chemically, or on the surface of the material. Chemisorption, chemical 

combination of hydrogen with other elements to form a different compound, can 

achieve hydrogen densities greater than liquid hydrogen [22]. The most common solid-

state materials are metal hydrides in which hydrogen is combined with metals from 

Group I or II of the periodic table [23]. Metal hydrides are in use now to power 

thousands of fuel cell-powered forklifts in the US. Among metal hydrides, MgH2 is an 

attractive metal hydride with a gravimetric hydrogen uptake of 7.6 wt% [24]. LiH is 

another, with a hydrogen uptake of 12.1 wt%, due to the lower mass of the metal [25]. 

However, many of these metal hydrides have high enthalpies that require heating to 

300–500 °C in order to release the hydrogen [26]. Despite this, because of their low-

cost and high energy densities, studies of the thermodynamic and kinetic behaviour of 

metal hydrides are ongoing [27].  

The strong chemical bonds (covalent or ionic) in the metal hydrides described above 

lead to high enthalpies and therefore high temperatures for release of hydrogen. A 

different form of solid state storage is interstitial hydrides (hydrides of intermetallics) in 

which hydrogen enters the crystal structure of the host material. LaNi5H6 is the 

archetypal example of an intermetallic hydride capable of releasing hydrogen in 

temperature as low as 25–100 °C [25], due to the lower enthalpy of 36 kJmol
–1

. 

However, most of these materials are either expensive, because of rare metals such as 

palladium, or heavy, due to metals such as lanthanum (atomic mass 139).  
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The complex hydrides are another group of solid-state materials in which hydrogen is 

bound either covalently or ionically into the material [23]. The additional elements, 

such as aluminium, nitrogen or boron can destabilise the compound to lower the 

decomposition temperature [28] and in conjunction with high hydrogen uptake 

capacities, make some complex hydrides suitable for on-board applications. The 

borohydrides, alanates, amides and imides are the most common in this category [27]. 

For example, sodium alanate (NaAlH4), is a complex hydride with a hydrogen capacity 

of 5.5 wt% when doped with small amounts of titanium [16]. The main hindrance in the 

application of the complex hydrides is the high charging temperatures as well as 

problematic reversibility of some dehydrogenation or re-hydrogenation reactions. For 

example LiBH4 rehydrogenation occurs under a pressure of 150 bar of H2 at 873 K [27, 

29]. 

Despite the development of the storage materials, none of them so far meet the DOE 

targets as the hydrogen uptake capacity particularly in the volumetric capacity of the 

system [30]. It is recommended to focus on the optimizing the properties of the sorbent 

materials including low isosteric heats of adsorption (Qst) and sub-par usable volumetric 

and gravimetric capacities [30]. To address the low volumetric capacity, tailoring 

materials with open metal sites is suggested. This facilitates binding multiple H2 

molecules at a given binding site [30]. Relying on the theoretical calculations also 

makes a shortcut to obtain more promising storage materials as well as facilitating the 

interpretation of the experimental data [30]. Finally, considerable care needs to be taken 

in the synthesis methods and characterisation techniques as well as handling of the 

storage materials to ensure reproducibility of the data [30]. 

In summary, chemisorptive materials, despite their relatively high energy densities have 

limited success for on-board applications. They have, however, been used in other 
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applications, including large-scale hydrogen stores for renewable energy and/or 

chemical facilities [31], stationary energy systems and hydrogen compressors [32].  

1.4 Adsorption 

1.4.1 Physisorption 

Adsorption of molecular hydrogen in some solid-state materials occurs on the surface of 

the material due to the weak physical van der Waals interaction. However, the enthalpy 

change in physisorption is considerably lower, (4-7 kJ/mol) and therefore hydrogen 

release is easier to achieve [33]. For the same reasons, physisorption is usually quite 

low in uptake at ambient temperatures, and requires low temperature for reasonable 

capacities [34]. Physisorption is most effective for nanoporous materials with high 

surface areas. The morphology of the pores within a material plays an important role in 

the gas adsorption, even when the surface chemistries are very similar [35]. 

Nanoporous materials are being considered as possible adsorbents for physical 

hydrogen storage [36]. According to IUPAC classification, these materials possess 

pores smaller than 100 nm and have been categorised into three groups: micropores 

(pores<2 nm), mesopores (2<pores<50 nm), and macropores (pores>50 nm) [37]. An 

adsorption isotherm is defined as the relationship between the amount adsorbed and the 

equilibrium pressure at a known temperature. Adsorption isotherms are usually depicted 

as uptake per unit mass of sample as a function of the equilibrium pressure. The pore 

size distribution of a material is often a predictor for its adsorption behaviour which is 

usually categorised based on the standard IUPAC physisorption isotherms (Figure 1.1) 

[37]. 
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Figure 1.1 The proposed updated classification of IUPAC physisorption isotherms [37], © 2015 

IUPAC & De Gruyter. 

 

Microporous materials often show a reversible Type I isotherm, having relatively small 

external surfaces [37]. The isotherm has an initial steep uptake at very low relative 

pressure, which is due to enhanced adsorbent-adsorptive interactions in narrow 

micropores [37], followed by concave shape to the relative pressure axis saturating at a 

finite limit. This limit in the uptake is determined by the accessible micropore volume 

rather than by the internal surface area [37]. Isotherm types I(a) and (b) are associated 

with narrow micropores and wider micropores along with possibly narrow mesopores, 

respectively, for an adsorptive such as nitrogen or argon at 77 K and 87 K [37]. The 

favourable pore size for hydrogen adsorption is about 0.7 nm [35, 38, 39]. The walls of 

this size pore are sufficiently far apart that a monolayer of hydrogen is easily able to 
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form on the sides of the pore, yet close enough that the potential fields of the opposite 

pore walls can overlap, leading to a strong interaction in this pore [38].  

A hydrogen adsorption isotherm can be presented as either excess or absolute uptake. 

When the gas molecules enter a pore within the porous material (adsorbent), they begin 

to adsorb as a layer on the pore surface which is called the adsorbate [40]. The quantity 

of gas molecules in the adsorbate is the absolute uptake, while the excess adsorption is 

described as the amount of gas present over the amount of a non-adsorbing gas under 

the same conditions of pressure and temperature [41]. The excess adsorption is what 

usually reported in hydrogen storage studies as it is a relatively simple calculation from 

the measurements. Determining the absolute adsorption requires information about the 

volume of the adsorbate, which cannot be measured and is difficult to estimate [42]. 

The enthalpy or heat of adsorption determines the temperature range over which 

reversible adsorption can occur [36]. When a very small amount of adsorptive adsorbs 

onto a material’s surface in a constant pressure and temperature, the heat change 

produced, due to loss of energy associated with restriction in the motion of the 

molecule, is the heat of adsorption [40]. This can be obtained by measuring the 

differential energy of adsorption using calorimetry [40]. Alternatively, the isosteric 

enthalpy of adsorption can be calculated from a series of isotherms at different 

temperatures [43]. Different pressures are obtained from the point in each isotherm at 

which the same amount of hydrogen is adsorbed. The enthalpy of adsorption (∆H) is 

then calculated from the van t’ Hoff equation (1.1) [44]: 

2

1 1 2

1 1
ln ( )

P H

P R T T


                                                                                                    (1.1) 

where R is the ideal gas constant, and P1 and P2 are the pressures at the temperatures of 

T1 and T2, respectively. Most nanoporous materials have hydrogen adsorption enthalpies 

in the range of 4–7 kJmol
–1

 [45-48], which is insufficient for hydrogen storage at 
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ambient temperature and only feasible for storage at cryogenic temperatures. To obtain 

greater hydrogen uptake at lower pressures and close to ambient temperature, higher 

enthalpies of adsorption are required, leading to studies of various methods to enhance 

the enthalpy of adsorption for different materials. These methods include adsorption in 

small pores, spillover and adsorption to unsaturated metal centres [36]. As this study 

focuses on hydrogen adsorption in a specific class of microporous polymers, only the 

method of adsorption in small pores will be discussed here. 

It has been well established that enthalpy of adsorption can be tuned by the pore size in 

the porous materials [49-51]. These studies report that smaller pore sizes enhanced the 

enthalpy of adsorption. This phenomenon can be described by the simultaneous 

interaction between the hydrogen molecule and multiple pore walls. In a large pore, 

similar to a flat surface, the hydrogen molecule can only interact with one wall of the 

pore, while in a small pore, the walls are close enough that the hydrogen interacts with 

multiple potentials resulting in a higher enthalpy of adsorption [36]. The stronger this 

interaction, the higher the heat of adsorption, which subsequently increases the 

hydrogen storage capacity of the materials for a given pressure [52-54].  

Grand Canonical Monte Carlo (GCMC) simulations [55] were used to evaluate 

hydrogen adsorption isotherms at specific temperatures and pressures. The results 

obtained from these applications of the GCMC technique were directly compared with 

experimental data. This strategy allows evaluation of thermodynamic equilibrium 

properties at any constant H2 pressure [30]. Different nanoporous materials have been 

investigated for hydrogen storage application. In the following sections, the most 

important porous materials for hydrogen storage applications are described. 

1.4.2 Materials 

1.1 Zeolites 

https://www-sciencedirect-com.libraryproxy.griffith.edu.au/topics/materials-science/heat-of-adsorption
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Zeolites are crystalline aluminosilicates or silicates of alkali or alkaline earth cations 

with the generic formula of M
n+

[Six Aly Oz].mH2O where M
n+

 is an extra-framework 

cation and mH2O is adsorbed water molecules [56]. Zeolites possess an infinite, open, 

and three-dimensional structure based on tetrahedral SiO4 and AlO4, forming an ordered 

crystalline framework. A well-defined surface chemistry gives a surface area in the 

range of 300–600 m
2
g

–1
. This ordered crystalline lattice and well-defined pore structure 

enables use as a molecular sieve, employed extensively in industrial applications for 

separation processes [57, 58]. The potential of zeolite for gas storage applications has 

been advanced, as the presence of cations within the structure facilitates a strong 

interaction of a non-polar adsorptive [57]. Some zeolites have attracted attention for 

hydrogen storage applications owing to an optimum pore size for adsorptive hydrogen 

storage. For example, Dong et al. [59] reported hydrogen uptake of 2.0 wt% at 77 K and 

160 bar for Na-LEV. ITQ-33 is another promising zeolite with a potential hydrogen 

uptake of 2.5 wt%, if its micropore volume was filled with hydrogen at the density of 

liquid hydrogen. However, this hydrogen storage capacity still falls short of the 

hydrogen capacity of other porous materials [60]. Alternatively, other techniques have 

been applied in order to increase the storage in zeolite at ambient temperatures. For 

instance, surface grafting of 1,4-bis(hydroxydimethylsilyl)benzene onto ZSM-5 zeolite 

was conducted by M. Fujiwara et al. [61] to store molecular hydrogen into ZSM-5 

zeolite for a period of months. Zeolites have also been exploited as hard templates for 

porous carbon materials to enhance the adsorptive hydrogen storage [62, 63]. 

1.2 Carbons 

Carbons materials have attractive properties for hydrogen storage, including high 

surface area, high pore volume and large nanopores [64] and a large variety of different 

forms and morphologies. Carbons have been used as adsorbent materials for the 

removal of contaminants from water for many years, and currently have a wide range of 
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applications in different industries including the purification of liquids and gases, as 

well as catalyst supports [65]. Various carbon materials have been investigated, 

including activated carbons, carbon nanotubes, zeolite/silica-templated carbons, and 

carbide derived carbons [66]. Surface areas higher than 3000 m
2
g

–1
 are readily obtained, 

and the use of templating methods allows the synthesis of nanostructured materials with 

a very narrow pore size distribution around 1 nm.  

One of the most common groups of carbon materials for adsorption application is 

activated carbon. As network polymers of graphitic sheets, activated carbons can be 

synthesised with a wide range of pore sizes [67]. They are found in diverse forms of 

powder, monoliths, and fibres. Activated carbons are produced by a carbonisation 

process followed by an activation process. The former involves heating the carbon-

based material to 700–1000 °C under an inert gas (N2 or Ar) to eliminate the other 

elements. The latter can be carried out either physically or chemically in order to create 

porosity in the material [68]. In physical activations, either carbon dioxide or steam is 

applied to gently oxidise the carbon material, forming the voids within the material. In 

the chemical technique, the material is initially impregnated with an ionic activation 

agent. Then the carbonisation and activation processes are simultaneously implemented 

at a temperatures of 300–800 °C to intercalate the material and generate porosity by 

physical force [68].  AX-21 is an activated carbon with an extremely high surface 

area― more than 3000 m
2
g

–1 
[69]―and a pore volume of 1.3 cm

3
g

–1
 [70]. This highly 

porous activated carbon showed very high hydrogen adsorption of 5.1 wt% at 77 K and 

30 bar [70, 71] with a high isosteric enthalpy of adsorption, 6–8 kJmol
–1

 [72]. Following 

AX-21, many activated carbons were prepared and investigated for hydrogen adsorption 

[73]. All these materials revealed high porosity properties with high surface area and 

pore volume, establishing activated carbons as candidates for hydrogen adsorption 

applications. 
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Graphene-based materials have been also studied for hydrogen adsorption due to the 

high surface area of 2600 m
2
g

–1
 theoretically calculated for graphene sheets [74]. 

Graphene oxide prepared by Yuan and Li et al [75], using an environmentally-friendly 

facile method of exfoliating the graphite oxide with glucose, indicated 2.7 wt% 

hydrogen uptake capacity at 298 K and 25 bar. Moreover, the hierarchical graphene-

based materials with a wide range of nanopores fabricated by Guo et al. [76] 

demonstrated 4.0 wt% hydrogen uptake at 77 K and 1 bar. Another category of carbon 

materials, carbon nanotubes, have also attracted the attention of researchers for 

hydrogen storage measurements particularly after the first report on carbon nanotubes 

with extremely high hydrogen uptake of 5–10 wt% at ambient temperature [77]. The 

hydrogen adsorption obtained by the subsequent studies revealed much lower values 

contrary to what has been initially reported [78, 79]. Despite low hydrogen uptake 

capacities, carbon nanotubes benefit from more uniform properties compared to 

activated carbons, which provide potential for more investigation [80]. 

According to theoretical studies, the hydrogen storage capacity of carbon materials are 

limited, particularly for on-board vehicles applications at ambient temperature [81]. The 

next step for future studies would be enhancing the interaction potential between carbon 

material and hydrogen, through either doping carbon with elements or ions resulting in 

additional interaction energy (e.g. Li
+
), or developing the chemisorption of hydrogen 

and carbon using catalysts [81]. 

1.3 MOFs 

Metal-organic frameworks (MOFs) are crystalline inorganic-organic hybrid materials 

consisting of metals (or metal clusters) interconnected with organic linkers [82]. 

Carboxylate- or pyridyl-based organic linkers coordinate the metal ions [83], forming a 

rigid three-dimensional framework that is commonly referred to as “coordination 
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polymers” [84]. The force of attraction in MOFs networks is either strong metal-ligand 

bonding or weaker bonding including hydrogen-bonding and π-π interactions [85]. 

Although there are different routes to synthesise MOFs, including microwave-assisted 

techniques and electrochemistry routes, MOFs are often synthesised using a one-pot 

solvothermal method under mild conditions [86]. 

MOFs possess high Brunauer–Emmett–Teller (BET) surface areas and hydrogen uptake 

compared to other adsorbent materials [87-89]. A correlation between BET surface area 

and hydrogen uptake of some MOFs is shown in Figure 4 of Chapter II. The highest 

BET surface area reported is 7140 m
2
g

–1
 for MOF, NU-110 [87]. It has been 

theoretically calculated that MOFs with BET surface areas as high as 14600 m
2
g

–1
 can 

be feasible [87]. One early MOF investigated for hydrogen adsorption was MOF-5 with 

a BET surface area of 3000 m
2
g

–1
 [90] and a hydrogen capacity of 4.5 wt % at 77K and 

0.8 bar [91]. However, replication of this result under the same conditions by Yaghi et 

al. [92] and Panella et al. [93] failed to obtain the same capacity. The reason for this 

failure was described as the sensitivity of the MOF-5 to humidity in the air which 

caused degradation of the MOF-5 and changed the hydrogen adsorption property of the 

material [93, 94]. A study later on the synthetic conditions of MOF-5, including no 

exposure to air, using diethylformamide in the synthesis and thorough sample 

degassing, have led to a high hydrogen storage capacity of 7.1 wt % at 77 K and 40 bar 

[90]. HKUST-1 is another metal-organic framework with a BET surface area of 1500–

2100 m
2
g

–1
 [88] and hydrogen uptake of 2.38 wt % at 77 K and 26 bar [95]. 

Despite the high gravimetric and volumetric hydrogen storage densities obtained for 

MOFs, they still fall short of the US DOE targets. Modelling a wide range of MOF 

storage densities in a study by Goldsmith et al. [96] indicates the BET surface area 

required for MOFs to meet the 2025 U.S. DOE targets, volumetric uptake of 0.040 kg 
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H2/l and gravimetric uptake of 5.5 wt %, would be 3100–4800 m
2
g

–1
. Future studies on 

MOFs as hydrogen storage materials are expected to focus on problems of low crystal 

density and low thermal conductivity [97] as well as their low volumetric and 

gravimetric capacities at ambient temperature.   

1.4 Porous polymers 

Porous organic polymers have recently attracted attention due to advantages relative to 

other adsorbents. Porous polymers contain lighter elements than other porous materials, 

including MOFs, such as C, H, N, O and therefore their specific surface area for a given 

pore volume is higher which is beneficial for many hydrogen storage applications [98]. 

They also possess higher thermal, chemical and mechanical stability than MOFs [36]. In 

addition, polymers are often air-insensitive making their handling much easier [90]. 

Finally, polymers are solution-processable and can be prepared using different synthesis 

methods [99]. Various types of porous polymers with different structures have been 

considered for hydrogen adsorption including hypercrosslinked polymers (HCPs), 

conjugated microporous polymers (CMPs), covalent organic frameworks (COFs), 

covalent triazine frameworks (CTFs), and porous aromatic frameworks (PAFs). 

Hypercrosslinked polymers are often synthesised with Friedel–Crafts reactions, which 

facilitates fast kinetics to produce strong linkages forming a highly porous network [100, 

101]. Since this method is straight-forward and versatile, a wide range of aromatic 

monomers, as well as certain functionalities, can be used to prepare polymer networks with 

diverse pore structures and enhanced surface area [102]. A simple comparison in terms of 

synthesis, cheap reagents and finally yield shows HCPs as suitable materials for hydrogen 

storage. Hydrogen adsorption measurements of hypercrosslinked poly vinylbenzyl chloride-

divinylbenzene (VBC–DVB) materials with a high surface area of up to 1930 m
2
g

–1
 were 

reported by Fréchet and Svec [103] as 1.6 wt% hydrogen at 77 K and a low pressure of 1.2 
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bar. A “Davankov-type” resin post-crosslinked by poly VBC reactants indicated a relatively 

high surface area of 1466 m
2
g

–1
 and hydrogen uptake capacity of 3.0 wt% at 77 K and 15 

bar [104]. A hypercrosslinking polystyrene studied by Ahn et al. [105] resulted in BET 

surface areas as high as 2090 m
2
g

–1
 and a promising hydrogen uptake capacity of 3.04 wt% 

at 77 K and 15 bar. However, none of these relatively high hydrogen adsorption capacities 

meets the US Department of Energy (DOE) targets of 4.5 wt% (2020) or 5.5 wt% (2025). 

Another approach to increase the hydrogen adsorption is hydrogen “spillover” using metal 

supports [106] in the design of hypercrosslinked polymers. An example of this approach is 

the study by Li et al. [106] introducing platinum nanoparticles to HCPs. The hydrogen 

storage capacities of the HCPs were enhanced by 0.2 wt% by incorporation of 2.0 wt% Pt 

nanoparticles at 298.15 K and 19 bar. The higher hydrogen adsorption was explained by Li 

et al. [106] as the spillover mechanism  in which the enhancement of hydrogen adsorption 

amount has been interpreted as the dissociation of H2 molecules on the Pt surface and the 

subsequent surface diffusion and adsorption of atomic hydrogen on the microporous 

polymer surface. This proposed mechanism has been questioned by other authors [30, 107-

110], and is no longer considered viable for hydrogen storage.  

Conjugated microporous polymers (CMPs) are another subclass of porous polymers first 

discovered in 2007 [111]. CMPs are normally synthesized via well-developed transition-

metal-catalysed coupling reactions [112]. The BET surface areas of most CMPs are between 

200–1200 m
2
g

–1
[113]. However, a high BET surface area was reported for the 

thiophene-based polymers of 2020 m
2
g

–1
 with a hydrogen uptake capacity of 1.81 wt% 

at 77 K (pressure was not disclosed) [114]. Hydrogen uptake in CMPs has mainly been 

less than 1.5 wt%. Examples of polymers with a higher range of hydrogen adsorption 

include the stereocontorted polymers [115] and Li
+
-doped CMPs [116] which showed 

3.7 wt% uptake (77 K and 60 bar) and 6.1 wt% at (77 K and 1 bar) respectively. The 

former polymers have shown a modest BET surface area of 1043 m
2
g

–1
 despite their 
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high hydrogen uptake capacities which might be explained by their narrow pore size 

distribution [115]. The porosity of CMPs is mainly due to their backbone structure, 

though solvent-templating also plays an important role [117]. 

Unlike other porous polymers with amorphous characteristics, covalent organic 

frameworks (COFs) are crystalline porous polymers formed by organic monomers 

linked together by strong covalent bonds [118]. COFs have been mostly synthesised 

using the reversible formation of boroxine rings [119] resembling the metal centres in 

MOFs. Similar to MOFs, COFs have the fixed porosity because porosity is formed by 

the assembly of the bonds and rings, however, they contain lower mass elements and 

thus possess quite low density [120, 121]. The first COFs were COF-1 and COF-5 

synthesised by Yaghi group [120] who subsequently prepared a large number of COFs 

[121]. COFs can be divided into three categories in terms of their topography: 2D COFs 

with small pores and large pores; and 3D COFs. The excess hydrogen uptake capacities 

of COFs can be also categorised based on their topographical shape in the range of 1–

2.5 wt%, 3–4 wt% and ~7 wt% respectively. The isosteric enthalpies of hydrogen on 

these groups were also determined to be similar within each group, with 3D COFs 

showing smaller enthalpies [122]. COF-1, the simplest COF possessing staggered 2D 

sheets (BET surface area 711 m
2
g

–1
, pore size 7 Å) and COF-5 with eclipsed sheets 

(BET surface area 1590 m
2
g

–1
, pore size 27 Å) are examples of 2D COFs with small 

and large pores, respectively. COF-102 and COF-103 are 3D COFs with higher BET 

surface areas of 3472 and 4210 m
2
g

–1
, respectively [98]. Studies have been performed to 

either increase the hydrogen uptake capacity of COFs at ambient temperature or 

enhance the isosteric heat of adsorption. For example, Cao et al. reported [123] 

enhanced enthalpy for COFs with higher storage uptake at room temperature using 

metal ions in the COF structure. The Li
+
-doped COF-105 demonstrated uptake of 6.84 

wt% at 298 K and 100 bar. In addition, alternative synthetic routes as well as adding 
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alkyl chains to monomers resulted in smaller pore sizes which led to higher hydrogen 

uptake [124, 125]. 

Another subclass of porous polymers is the covalent triazine framework (CTF) which can 

be synthesised by the self-condensation of aromatic nitriles in the presence of ZnCl2 

[98]. Molten ZnCl2 plays the role of a solvent and a catalyst to complete the 

polymerization [126]. Triazine rings are produced by the trimerization reaction of nitrile 

groups. The advantages of CTFs over other microporous organic polymers (MOPs) are 

the inexpensive and readily available reactants, simple preparation and hydrophilicity 

[126]. The hydrogen uptake capacities of CTFs synthesised by the microwave-assisted 

ionothermal method are in the range of 0.7–1.78 wt% at 77 K and 1 bar [127]. CTF-1 

polymer synthesised from 4,4' -biphenyldicarbonitrile gave a capacity of 1.55 wt% 

hydrogen at 77 K and 1 bar [128]. Bhunia et al. reported the synthesis of high porosity 

PCTF-1 and PCTF-2 polymers using tetranitrile at 400 °C. PCTF-1 had a high BET 

surface area of 2235 m
2
g

–1 
and hydrogen uptake capacity of 1.86 wt% at 77 K and 1 bar 

[126]. The hydrogen uptake of a new series of CTFs was investigated in a study using 

known CTFs, bipy-CTF and CTF1 prepared by a different procedure, and using 

different starting materials [129]. The results showed that the highest hydrogen uptake 

was obtained for CTF1-600 (4.34 wt% at 77 K and 25 bar), which is comparable to that 

reported for fl-CTF400 (4.36 wt%, 20 bar) [130]. The hydrogen adsorption capacities of 

bipy-CTF600 (2.10 wt%), and lut-CTF600 (2.00 wt%) were also improved. Wang et al. 

[131] used a different approach to synthesise a series of CTFs via a polycondensation 

method at low temperature. The highest hydrogen adsorption they could obtain was for 

CTF-HUST-2 with 1.28 wt% at 77K and 1 bar. 

Poly-aromatic frameworks (PAFs) are a recent, small group of microporous polymers 

with high hydrogen uptake capacity. In 2009, Ben et al. [132] initially simulated a series 
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of aromatic ring structures using the molecular dynamic simulation method― in which 

the movement of atoms/molecules in a system is built and allowed to interact over a 

period of time― and subsequently synthesised them using the Yamamoto cross-

coupling of tetrakis(4-bromophenyl)methane. Inspired by diamond structure, they 

synthesised the PAF-1 polymer building units as tetrahedral bonding of tetraphenylene 

methane. These highly porous PAFs showed improved thermal and hydrothermal 

stabilities compared to metal-organic frameworks (MOFs). The gas sorption 

measurements reported a BET surface area of 5600 m
2
g

–1
 and an excess hydrogen 

adsorption of 7.0 wt% at 77 K and 48 bar. PAF-1 was thermally stable up to 520 °C. 

Studies on PAFs continued with the replacement of bromo- precursor with Si- and Ge- 

for PAF-3 and PAF-4, respectively [133]. Though hydrogen uptakes as high as that of 

PAF-1 were not obtained with these modified PAFs (5.5 wt% and 4.2 wt% for PAF-3 

and PAF-4, respectively), they enhanced the isosteric heat of adsorption from 5.4 

kJmol
–1

 for PAF-1 to 6.6 kJmol
–1

 for PAF-3 in the pressure range of 0–1 bar.  

Polymers of intrinsic microporosity (PIMs) are a relatively new group of microporous 

polymers, possessing an intrinsic microporosity that has been created during the 

synthesis procedure [134]. PIMs combine the advantages of polymers with the 

advantages of conventional microporous materials and benefit from very unique 

characteristic of solution-processability over other porous polymers [135]. PIMs can be 

categorised into soluble polymers and non-soluble network polymers. The PIM’s 

backbone is highly rigid with a contorted fixed shape resulting from macromolecular 

components that cannot rearrange their conformation and thus possessing an unique 

shape preventing the polymer from packing efficiently [136]. As a result, PIMs possess 

large amounts of void space, referred to as free volume. It is commonly agreed that 

when the free volume reaches a certain level, the voids would interconnect and the 

polymer will perform as a conventional microporous material [137]. More details about 
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PIMs, synthesis and the hydrogen storage properties will be described in the next 

chapter. 

1.5 Aims and objectives 

The main aim of this project was to investigate the hydrogen uptake capacity of the 

novel type of microporous polymers, “polymers of intrinsic microporosity”. This type 

of porous polymer will be described in the next chapter, followed by their synthesis, 

characterisation and potential applications. In addition, hydrogen storage in PIMs will 

be presented in detail. Specifically, this study aimed to enhance the hydrogen adsorption 

of the PIMs with post-synthesis modification techniques. Three modification techniques 

were used, which are described in detail in the following chapters. The modification 

techniques were: 

1. Functionalisation of hexaazatrinaphthylene-incorporated polymer (HATN-PIM) 

with palladium ions, providing active sites for hydrogen adsorption 

2. Thermal treatment of an PIM-1 

3. Crosslinking PIM with polyaniline polymer 

Chapter II of this thesis surveys the literature about the synthesis, characterisation 

techniques and various applications of PIMs, with a focus on the hydrogen uptake 

properties. This chapter is presented as review article published in International Journal 

of Hydrogen Energy [135].  

Chapter III describes the materials and methods used in the project either to synthesise 

or modify the PIM polymers, including HATN-PIM, PIM-1 and PIM-1-PANi, followed 

by the characterisation techniques used to verify the synthesis and modification 

approaches employed.  
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The primary characterisation of the synthesised and modified PIMs was the 

determination of the hydrogen adsorption/desorption isotherms. Chapter IV describes 

the hydrogen uptake measurement techniques, instrumentation, models and calculations 

that have been undertaken in the hydrogen uptake measurements in this work.  

The three modification techniques undertaken, metalation of HATN-PIM polymer, 

thermal treatment of PIM-1 and crosslinking of PIM-1 with PANi polymer, together 

with the results of each modification, are presented in Chapters V, VI and VII, 

respectively. These three chapters are journal articles either already submitted or about 

to be submitted. Finally, Chapter VIII concludes with summary, conclusions from the 

current study, and describes possible future work. 
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CHAPTER II 

 

 

Review of Polymers of Intrinsic Microporosity for Hydrogen 

Storage Application 
 

2.1 Introduction 

The significant advantages of solid-state hydrogen storage over conventional 

compressed hydrogen gas or liquefied hydrogen have generated effort for new materials 

to be synthesised and modified as absorbents/adsorbents. Two main categories of these 

solid-state sorbents are the hydrides (simple hydrides, complex hydrides and 

intermetallics) and porous adsorbent materials. Significant progress has been achieved 

lately in the use of nanoporous adsorbents for hydrogen storage. These materials adsorb 

hydrogen through physisorption (weak van der Waals forces) and have some advantages 

over hydrides including a reversible adsorption process, rapid kinetics, lower 

requirement for thermal management due to the lower heat of adsorption, and material 

stability (no crystallographic phase change occurs during hydrogen adsorption) [1-3].  

However, a disadvantage of adsorption in nanoporous materials is the relatively low 

hydrogen capacity at ambient temperatures. The low uptake can be increased through 

increasing the surface area as well as improvement in the heat of adsorption. A 

correlation between increasing gravimetric capacity upon increasing surface area, so-

called Chahine's rule [4], proposes that, approximately 1 wt% of uptake is obtained for 

every 500 m
2
g

‒1
 of surface area at pressure of 35 bar and temperature of 77 K [5]. This 

shows that high-surface area nanoporous materials generally possess higher gravimetric 

hydrogen uptake capacity. Therefore, efforts have been made to synthesise new 

adsorbents possessing nanoporosity with high surface areas in order to enhance the 

hydrogen adsorption capacities. Metal organic frameworks (MOFs), covalent organic 

frameworks (COFs), porous carbons and organic porous polymers are in this category. 
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Polymers of intrinsic microporosity (PIMs) are amorphous porous polymers, recently 

discovered, with high surface area and intrinsic microporosity. Various PIMs have been 

synthesised and some have been investigated for hydrogen storage applications. PIMs 

can undergo different chemical processes and modification due to their solution-

processability, which can enable tuning of pore size and surface properties for higher 

hydrogen uptake.  

This chapter consists of a review paper, published in the International Journal of 

Hydrogen Energy, which details different approaches to the synthesis of PIMs. The 

most common one, dibenzodioxane reaction requires different monomers (catechol and 

aryl halide) to synthesize various PIMs, which are represented in Table 2 in chapter II 

(review paper), from which some are commercially available including 5,5`,6,6`-

tetrahydroxy-3,3,3`,3`- tetramethyl-1,1`-spirobisindane (TTSBI), and 2,3,5,6-

tetrafluorophthalonitrile (TFTPN). The chapter is then followed by various 

characterisation techniques to investigate the polymer properties along with its porosity, 

and finally briefly describes diverse applications with more focus on hydrogen storage 

properties. In addition, hydrogen adsorption uptake values obtained from different 

studies are compared and the correlation between BET surface area and experimental 

hydrogen uptake values is described. The title of this publication is “Review of 

polymers of intrinsic microporosity for hydrogen storage applications”. As such, it 

forms a comprehensive review article covering the literature related to the experimental 

work in this project. This critical review not only examines the improvement of PIMs 

and their hydrogen storage properties, but also assesses existing gaps in this developing 

research field.  

This survey shows that despite the light research studies carried out and not so 

impressive results obtained on the hydrogen adsorption in PIMs so far, there is still 

potential for this type of novel porous polymer to improve hydrogen uptake properties. 
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Various modification techniques that may play an important role in enhancement of 

hydrogen uptake capacities in PIMs are introduced, of which some were considered as 

objectives for this project. In particular, the idea of functionalisation of a PIM with 

moieties and/or metal ions described in the review was used in this project to create a 

macromolecule hexaazatrinaphthylene (HATN) polymer structure containing palladium 

active sites in order to increase the hydrogen storage capacity of the polymer (Chapter 

V). Moreover, another technique of post-modification of a synthesised PIM described in 

the review is physical treatment of PIMs to manipulate the formation of pores within the 

polymer structure. This technique was employed in this project by thermal treatment of 

PIM-1 under high vacuum at different temperatures and times (Chapter VI).  Finally, a 

post-modification strategy for a PIM was used to incorporate polyaniline polymer into 

PIM-1. The combination of polyaniline, which is acting as an additive in this work, with 

PIM-1 demonstrated improved hydrogen adsorption properties, making it an interesting 

material for hydrogen storage. This is described in Chapter VII of this project. 
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CHAPTER III 

Materials and Methods 

3.1 Syntheses  

All the polymers used in this project were synthesised from commercially available 

monomers and reagents, except for the network polymer HATN-PIM, where the starting 

material, HAT(Cl)6 monomer, was also synthesised as it was not commercially 

available. 

3.1.1 Materials 

Hexaketocyclohexane octahydrate, 4,5-dichlorophenylenediamine, 5,5`,6,6`-

tetrahydroxy-3,3,3`,3`- tetramethyl-1,1`-spirobisindane (TTSBI), 2,3,5,6-

tetrafluorophthalonitrile (TFTPN), bis(benzonitrile)palladium(II) chloride, polyaniline 

(emeraldine base), and anhydrous potassium carbonate were purchased from Sigma-

Aldrich. All of these precursors were placed under vacuum at 110 °C overnight prior to 

use. All solvents used, including glacial acetic acid, methanol, ethanol, acetone, 

chloroform, tetrahydrofuran (THF), anhydrous dimethylformamide (DMF) and 

dimethylacetamide (DMAC) were obtained from Sigma-Aldrich. In the synthesis 

procedure of HAT(Cl)6 and HATN polymer, DMF, DMAC, THF and glacial acetic acid 

were purified using the methods of Armarego [1], which typically consisted of lowering 

the water content by BaO, LiAlH4, and acetic anhydride, in order, followed by 

fractional distillation under reduced pressure, and finally stored over 4A molecular 

sieves. 

3.1.2 HATN-PIM synthesis 

3.1.2.1 Preparation of (HAT(Cl)6) monomer 
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The monomer 2,3,8,9,14,15-hexachloro-5,6,11,12,17,18- hexaazatrinaphthylene, 

HAT(Cl)6, was prepared according to the method described by Skujins and Webb [2] 

using commercially available precursors (see Scheme 3.1) 4,5-

dichlorophenylenediamine (A) and hexaketocyclohexane octahydrate (B). 

Hexaketocyclohexane octahydrate (0.25 g, 0.8 mmol) was added to a stirred solution of 

4,5-dichlorobenzene-1,2-diamine (0.85 g, 4.8 mmol) in glacial acetic acid (70 ml). The 

reaction mixture was then heated under reflux for 2 h, allowed to cool, and the solid 

collected by suction filtration and washed with hot acetic acid, water, ethanol and 

acetone. The resulting solid was then washed for 4 hours by Soxhlet extraction using 

180 ml of MeOH, acetone and THF sequentially. The product was dried in a vacuum 

oven at 120 °C overnight to give a yellow-green powder (expected monomer ~ 

C24H6N6Cl6). 

 

Scheme 3.1 The synthesis of HAT(Cl)6. The reaction condition, (i), is using glacial acetic acid 

as reagent and heating under reflux for 2 h. 

3.1.2.2 Preparation of HATN-PIM network polymer 

The HATN-PIM polymer was prepared according to the method described by 

McKeown [3], and shown in Scheme 3.2. Initially, 1.13 g (1.9 mmol) of prepared 

monomer, HAT(Cl)6, (A) was mixed with 0.97 g (2.85 mmol) of 5,5`,6,6`-tetrahydroxy-
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3,3,3`,3`- tetramethyl-1,1`-spirobisindane, (B) in 70 ml anhydrous DMF under nitrogen 

gas. After adding 3.8 g (20.3 mmol) anhydrous potassium carbonate, the reaction 

mixture was maintained at 120 °C in an oil bath under nitrogen overnight. Then it was 

cooled and mixed with 200 ml of stirred distilled water, the orange solid product was 

collected by suction filtration and washed with water and methanol. Purification was 

carried out by refluxing the product with 180 ml of methanol, acetone, DMAC and 

THF, sequentially. The polymer was then ground and dried in vacuum oven at 120 °C 

(expected polymer repeat ~ C55.5H36N6O6).  

 

Scheme 3.2 The synthesis of HATN-PIM. The conditions (i) are anhydrous DMF, and 

anhydrous potassium carbonate heating at 120 °C overnight under nitrogen gas. 

3.1.2.3 Post-metalation of a HATN-PIM-Pd network polymer 

The palladium-functionalised HATN-PIM was prepared according to the method 

described by McKeown [3]. An orange suspension of the HATN-PIM (0.205 g, 0.232 

mmol) in 18 ml of chloroform was initially prepared. Then a solution of (PhCN)2PdCl2 

(0.28 g, 0.72 mmol) in 8 ml chloroform was added to the HATN-PIM mixture.(Scheme 

3.3). Following formation of a black precipitate, the reaction mixture was stirred at 

ambient temperature for 20 hours. The resulting precipitate was collected by suction 

filtration and washed with methanol and chloroform. This was then purified by 
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refluxing with 180 ml of methanol, THF, and chloroform sequentially. The black 

powder was collected by suction filtration and dried in a vacuum oven at 90 °C for 

overnight (expected polymer repeat ~ C55.5H36N6O6Pd3Cl6).  

 

Scheme 3.3 The synthesis of HATN-PIM-Pd. The conditions (i) are chloroform and stirring at 

ambient temperature for 20 hours. 

3.1.3 PIM-1 synthesis 

PIM-1 was synthesised based on the method of Budd et al. [4] (see Scheme 3.4) by 

reaction of commercially available 3,3,3ʹ,3ʹ-tetramethyl-1,1ʹ-spirobisindane-5,5ʹ,6,6ʹ-

tetraol (TTSBI) (A) and 2,3,5,6-tetrafluorophthalonitrile (TFTPN) (B) in the presence of 

dried K2CO3 and anhydrous dimethylformamide (DMF). 

 

Scheme 3.4 The synthesis of PIM-1. The conditions (i) are K2CO3, DMF, 65° C, 72 h. 

In a typical synthesis, 1.8 g TFTPN (9 mmol), 3.066 g TTSBI (9 mmol), and 9.96 g 

K2CO3 (72 mmol) were mixed in a three-neck round-bottom flask equipped with a 
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condenser under nitrogen. A yellow precipitate immediately appeared after the addition 

of 60 ml anhydrous DMF to the flask. The reaction was stirred vigorously for three days 

at 65 °C under nitrogen. Then the mixture was cooled to room temperature and added to 

100 ml of distilled water while stirring for 1 h. The precipitate was vacuum-filtered and 

washed with methanol and distilled water. Purification of the yellow PIM-1 solid was 

achieved via reprecipitation with chloroform and methanol three times. The product was 

finally collected and dried overnight under vacuum at 80 °C. 

3.1.4 PIM-1-PANi composite preparation 

To prepare the PIM-1-PANi polymer composite, commercial polyaniline in its 

emeraldine base (EB) powder form was used. The PIM-1 polymer was synthesised as 

described in section 3.1.3 above. PANi (EB) was initially added to PIM-1 polymer in a 

ratio of 10 % wt/wt and mixed under an argon environment. The mixture was ball-

milled for 2 hours in a PQ-N04 planetary ball miller (Across International, New Jersey, 

US) with 6 zirconium balls also under Ar. The mixed powder was collected, weighed 

and pellets of the same weight (0.1 g) were prepared using hydraulic pellet presser with 

a hand pump set (Enerpac, Wisconsin, US) under 9-ton pressure suitable for organic 

compounds. The pellet then underwent heat treatment at 200 °C for 4 hours under 

vacuum.  

3.2 Characterisation  

Different characterisation techniques have been applied to analyse the polymers, verify 

the synthesis and investigate the effect of any modification employed. These techniques 

are briefly introduced and their application in this study discussed in the following 

sections. 

3.2.1 Elemental analysis (CHN) 
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Elemental analysis is an analytical technique to determine and quantify the relative 

amounts of specific elements in the range of materials, including carbon, hydrogen and 

nitrogen [5]. The technique involves heating a small amount of the sample to high 

temperature under an oxygen environment. As the sample combusts, it typically 

converts to carbon dioxide, water, and nitrogenous oxides. The exhausting gases pass 

through a series of columns; initially a column of adsorptive material, then a column of 

copper in which impurities and the nitrogen oxides are absorbed, respectively. The final 

column is the gas chromatography column which detects the gases passing through, 

followed by a thermal conductivity detector to determine the amount of the gas detected 

[5]. The elemental analysis in this study was performed by Thermofisher Scientific, 

FlashSmart CHNS/O Analyser. Each sample analysis was performed three times. 

3.2.2    Laser ablation inductively coupled plasma mass spectrometry (LA-

ICP-MS) 

Laser ablation mass spectrometry (LA-MS) [6] has been used for qualitative and 

quantitative elemental analyses in solids after the discovery of the laser in 1960. 

However, two decades later, laser sampling was combined with a separate excitation 

source capable of multi-element analysis - Laser ablation inductively coupled plasma 

mass spectrometry (LA-ICP-MS) [7], for sensitive trace-element analysis as well as 

isotope-ratio analysis. In the general procedure [8], the sample is placed in an ablation 

chamber, and a carrier gas such as helium or argon is introduced. The laser beam is 

focused onto the surface of the sample ablating the material. The produced 

vapours/particles from the sample are carried to the plasma of the ICP-MS. The 

ions/atoms are then collected by the vacuum interface and transferred to the mass 

analyser, separated by mass to charge ratio and finally detected. In this study, elemental 

chorine and palladium were identified and quantified using LA-ICP-MS technique 
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through an Agilent 8800 Laser Ablation Inductively Coupled Plasma Mass 

Spectrometer, USA instrument. 

3.2.3 Gel permeation chromatography 

Gel permeation chromatography (GPC), also known as size exclusion 

chromatography (SEC), is a technique to determine the number average molecular 

weight (Mn), the weight average molecular weight (Mw) and polydispersity index (PDI) 

of a polymer according to the hydrodynamic volume of the molecules present [9]. In 

this technique, the analytes are separated based on their size via a microporous material 

packed in a column, such as silica gel. A solvent is passed through the column at a 

certain flow rate, followed by the polymer sample which has already been dissolved in 

the same solvent. The analytes interact with the pores of silica depending on their size 

and pass through the column. The larger molecules pass through the column quickly 

without any interaction with the pores and thus are detected first, followed by medium-

sized molecules which partially fit into the pores and are taken longer to be detected. 

Finally, the smallest molecules, which fit into the pores, are the last to emerge from the 

other end of the column [10]. A refractive index (RI) or ultraviolet detector at the end of 

the column detector determines the concentration of polymer in the flow and records the 

amount of the sample as a function of time [10]. In this study, GPC was carried out 

using Waters 1515 Isocratic HPLC Pump equipped with 717plus Autosampler, 2414 

Refractive Index Detector and 2489 UV/Visible Detector (MA, USA). The instrument 

was calibrated with a polystyrene standard. All runs were performed at ambient 

temperature using THF as the solvent.  

3.2.4 Fourier Transform infrared spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) is used to identify compounds based 

on their particular chemical bonding, by detecting the characteristic absorption of 

https://en.wikipedia.org/wiki/Size_exclusion_chromatography
https://en.wikipedia.org/wiki/Size_exclusion_chromatography
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infrared radiation (IR) by the molecules [11]. When exposed to IR, the sample 

molecules absorb specific wavelengths of the radiation changing the molecular dipole 

moments. This causes vibrational energy level transitions to excited states. This 

vibrational energy gap determines the frequency of the absorption peak and the number 

of peaks is associated with the number of vibrational modes of the molecule, providing 

a wide range of information about the molecular structure. FTIR spectroscopy extends 

the capabilities of IR spectroscopy to higher resolution and accuracy with a short scan 

time, wide scan range and high signal-to-noise ratio [12]. FTIR has extensive chemical 

applications particularly for polymers and organic compounds. The FTIR spectra in this 

study were obtained in the range of 2000-400 cm
-1

 using Perkin Elmer Spectrum Two 

FTIR Spectrometer. 

3.2.5 Powder X-ray diffraction 

Powder X-ray diffraction (PXRD), is an analytical tool which is commonly used for 

phase identification of crystalline materials and atomic spacing. This is due to the fact 

that the wavelength of X-rays (10 – 10
-3

 nm) is of the order of the plane spacing in the 

crystal lattice [13]. When a monochromatic X-ray beam interacts with a crystalline atom 

in a sample, the X-rays are diffracted, undergoing elastic collisions known as Thomson 

scattering. The scattered X-rays maintain their energy and wavelength and are detected 

by the diffractometer. X-rays deflected at the same angle and in phase will positively 

interfere with one another, depending on the atomic spacing of the sample, and produce 

high-intensity diffraction patterns on the detector [11]. The atomic spacing and the 

angles of deflected X-rays are associated with the X-ray wavelength according to the 

Bragg’s law [14]: 

 2dsin n   (3.1) 
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Where d is the atomic spacing, θ is the angle of X-ray beam incidence, n is an integer 

value and λ is the wavelength of the X-ray. 

Although PXRD is a suitable technique to analyse the structure of crystalline materials, 

in this project it is applied to confirm the amorphous structure of the PIMs and to 

evaluate the structure of moieties that have been reacted with PIMs including metals 

and salts. Furthermore, information about the particle size of the synthesised polymers 

can be obtained from an analysis of peak broadening in the X-ray diffraction patterns. In 

this study, PXRD was performed on a Bruker D8 Advance MKII instrument fitted with 

a Cu Kα (λ = 0.154 nm) X-ray source.  

3.2.6 Small-angle X-ray scattering 

The small angle X-ray scattering (SAXS) technique has some advantages for the study 

of the porosity characteristics of porous materials [15]. The non-destructive and non-

intrusive nature of this characterisation technique offers in-situ measurements of porous 

samples; for instance in conjunction with gas sorption or activation procedures [15]. As 

for PXRD, SAXS also involves a monochromatic X-ray beam scattering off the electron 

clouds of atoms in the sample. However, the scattering pattern in SAXS is analysed at 

small angles, typically 2 < 10 ° [16]. The detected pattern is unique for a certain 

structure and can be applied to determine the particle size, porosity, and orientation 

[16]. SAXS directly measures the spatial inhomogeneities of the material. For a porous 

material possessing a solid matrix with a pore distribution of ρ(r), the scattering 

intensity I(q) can be written as equation (3.2): 

      
2

3exp i d
q

I k r q r r    (3.2) 

Where q is the scattering vector and k is the normalisation constant. In a system with 

pores and voids with a homogeneous solid phase density of ρs, the pore distribution in 
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the scattering intensity equation can be written by considering the spatial components 

separately as equation (3.3): 

      
22 ,sI q k S q F q R  (3.3) 

Where F(q, R) is a form-factor which characterises the distribution of pore sizes and 

shapes and S(q) is a structure factor which represents the spatial distribution of the 

pores. 

Typical values of q for small angle X-ray scattering instruments are 5.10
-5

 - 0.2 Å
-1

, 

which is a spatial range of 1 nm – 1 μm [17]. In conventional systems, a monochromatic 

beam is used along with an area multi-detector which is able to move and change the q-

range desirable for the experiment. In this project, SAXS experiments were performed 

using an Anton Paar SAXSess, Germany (Cu-Kα, λ = 0.154 nm). Scattered intensities 

were recorded as a function of wave vector transfer (q= 4π sin θ/λ), where 2θ is the 

scattering angle and λ is the wavelength of the X-ray). 

3.2.7 Nuclear magnetic resonance (NMR) spectrometry  

Nuclear magnetic resonance spectroscopy (NMR) is an analytical technique offering a 

wide range of useful information about a material including the molecular structure, 

purity, molecular conformation and other physical properties [18]. The principles of 

NMR can be briefly described based on the excitation of the nuclear spin states upon 

absorption in the low-energy radio-frequency part of the spectrum. NMR spectrometers 

can be tuned to particular nuclei (e.g. 
1
H, 

13
C, 

19
F and 

31
P). For a given nucleus, high-

resolution spectroscopy distinguishes and counts atoms in different locations in the 

molecule [19]. In detail, when the spins of electrically charged nuclei are exposed to a 

strong static external magnetic field and perturbed by a weak oscillating magnetic field, 

an energy transfer to higher energy levels takes place. This frequency is typically at a 
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wavelength of radio-frequencies and the same frequency is emitted when spin comes 

back to base energy level. The signal corresponding to the energy transfer is measured 

and converted to an NMR spectrum for that particular nucleus. 

NMR spectroscopy is commonly employed to study the chemical structure of molecules 

using the one-dimensional technique. If a complicated molecule is studied, a two-

dimensional technique is required. Time-domain NMR spectroscopy is used to explore 

the molecular dynamics in solutions [20]. For proton NMR spectroscopy, the NMR 

spectrometer is tuned to a proton nucleus, and the continuous wave method is used to 

obtain the NMR spectrum. Although the principle of the technique is same, different 

radio frequency perturbations can be imposed on the sample while the magnetic field is 

kept constant [19]. In order to determine the molecular structure of solids, solid-state 

NMR spectroscopy is usually undertaken [20]. The homogeneous and high magnetic 

field used in solid-state NMR provides structural information with high atomic 

resolution. It also facilitates characterisation of the amplitude and the time scales of 

motions within a broad range in various polymers with amorphous and semi-crystalline 

nature [21, 22]. 

In this project, solid state 
13

C CPMAS NMR spectra were obtained on a Varian Unity 

Inova 400 spectrometer (Varian Inc., Palo Alto, CA), operating at a frequency of 100.6 

MHz.  A suitably processed sample was packed into a silicon nitride rotor (od = 7 mm) 

and spun at the magic angle at the rotor speeds indicated. Spectra were acquired using 

the xpolar1 cross-polarization pulse sequence. An acquisition time of 14 ms and a 

recycle delay of 2.5 s were used in all cases. A contact time of 1800 ms (optimised 

using a contact time array experiment) was used and 24000 transients were collected for 

each sample. The NMR software processing package MestReNova 11.0 (Mestrelab 

Research S.L.) was used to process the spectra. A Lorentzian line broadening function 
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of 10 Hz applied to all spectra. Chemical shift values were referenced externally to 

hexamethylbenzene at 132.1 ppm, equivalent to tetramethylsilane at 0 ppm. 

3.2.8 Scanning electron microscopy and X-ray Energy Dispersive 

Spectroscopy 

Scanning Electron Microscopy (SEM) is an imaging technique to provide information 

about the external morphology of the sample. Surface images of a solid material are 

taken at high magnification using a focused beam of high-energy electrons. Using 

conventional SEM techniques, areas of up to 5 microns can be scanned [23]. In a typical 

scanning electron microscope, the sample is kept in a vacuum. An electron beam is 

generated by a tungsten filament with sufficient current to thermo-ionise the material. 

The voltage of the beam is adjustable between 5 and 30 kV and the beam diameter can 

be between 20 μm – 2.5 nm, based on the microscope used [24]. Upon hitting the 

sample surface, the electron beam either reflects off the surface (backscattering) or 

penetrates the surface emitting secondary electrons. The emitted electrons are then 

detected, converted to an electronic signal, amplified, transferred to a computer and 

shown as a 2D image [23].  

The SEM images can be produced by the electron signal generated from either 

secondary electrons or backscattering electrons. Secondary electrons possess energy 

lower than 50 eV and are deflected at a wide angle. As the brightness of the SEM image 

corresponds with the number of secondary electrons emitted, secondary electron SEM 

images are suitable for clear images and to investigate the surface topography of the 

sample [24, 25]. Unlike secondary electrons, backscattering electrons have been 

subjected to elastic collisions with the atoms of the sample and therefore maintain their 

energy, more than 50 eV, and have small angle deflections. SEM images that are 
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created with backscattered electrons normally contain greater topological detail and 

contrast [24, 25]. 

The fundamentals of field emission scanning electron microscopy (FESEM) are similar 

to SEM, with the advantage of higher resolution and superior energy range [26]. The 

main difference between these two techniques is the field emission gun in FESEM from 

which electrons are emitted and accelerated in a high electrical field [27]. The electrons 

are then focused within a very high vacuum column to a monochromic beam using 

lenses. The second important characteristic of FESEM is the in-lens detectors which are 

improved to function at high resolution and very low acceleration potential [28].  

The X-ray energy dispersive spectroscopy (EDS) technique is widely performed for 

qualitative and semi-quantitative analysis of materials. EDS is typically used in 

conjunction with SEM instrumentation for the elemental analysis and chemical 

characterization of a sample. Signals generated in a combined SEM/EDS system 

include secondary and backscattered electrons, which, as explained in SEM section, are 

used for morphological analysis, along with X-rays that are employed for elemental 

identification and quantification within the detectable concentration range. The 

detection limit in EDS is correlated with the sample surface conditions, such that if the 

sample surface is soft and smooth, the detection limit is lower. For bulk materials, the 

detection limit is 0.1 wt% [29].  

The EDS mechanism works based on the detection and investigation of the 

characteristic X-rays generated by the primary electrons. During electron bombarding, 

an electron in the inner shell of the atom is ejected creating an electron hole, which is 

subsequently filled by another electron from an outer shell. The energy difference 

between these electrons is released as an X-ray. Since the energy of the X-ray is 

characteristic of the atomic structure of the element from which it is emitted, by 
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measuring the quantity and energy of the X-rays emitted from the sample, the elemental 

composition of the sample can be determined [30]. 

In this project, the surface morphology of the samples was investigated using the Field 

Emission Scanning Electron Microscopy (FESEM), JSM 7100. The FESEM was 

equipped with 129 JEOL eV resolution silicon drift detector (SDD) which was used for 

X-ray Energy Dispersive Spectroscopy (EDS) to determine the elemental composition 

of polymers. The samples were coated with gold in an Edwards Sputter Coater S150B 

in order to avoid charge build up. To do this, the samples were placed under low 

vacuum and flushed with argon three times before sputtering with gold for 3 minutes. 

3.2.9 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) can determine the elemental composition of 

the sample in a procedure similar to that of EDS, and is performed by analysing the 

energy of the photoelectrons (50–2000 eV) emitted from sample atoms during surface 

bombardment with X-rays. Photoelectron emission occurs when the X-ray is absorbed 

by an electron, providing enough energy to leave the atom. The kinetic energy of the 

emitted electron is the energy of the incident X-ray minus the binding energy of the 

electron. In XPS, the energy of the photoelectrons corresponds to the energy of the 

incident X-rays used to excite the photoelectrons. In the XPS technique, both 

monochromatic and non-monochromatic X-rays are used for analysis. Although the 

photoelectrons can be emitted from all electronic levels, the ones ejected from the 

outermost electronic states have sufficient energies and are sensitive to the chemical 

bonding between atoms. The “chemical shifts” in the binding energy of the electron 

provide information on the chemical bonding [31]. In this study, X-ray photoelectron 

spectroscopy (XPS) measurements were performed using the Kratos Axia Ultra X-ray 

Photoelectron Spectrometer (XPS), UK. 
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3.2.10 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a method of thermal analysis to evaluate the 

physical and chemical changes in materials over a range of temperatures. In normal 

operation, the sample is heated from (typically) ambient temperature to a desired final 

temperature at a particular heating rate and under a specific environment. As the sample 

is heated, it undergoes reactions, such as combustion under an oxygen-rich atmosphere, 

or thermal degradation under a vacuum environment. The change in mass of the sample 

is measured using a microbalance in real time. Further analysis can be performed on the 

data obtained from the experiment by graphing the weight loss of the sample versus the 

temperature which is normally known as TG graph. Another analysis which is 

commonly used is differential scanning calorimetry (DSC). This technique measures the 

heat flow into or out of a material subjected to a constant temperature change. Useful 

information can be interpreted from DSC including the melting point, heat capacity and 

glass transition temperature, which are observed as peaks or shoulders in the graph. 

The thermogravimetric study in this work was performed using NETZSCH STA 449 F3 

Jupiter, Germany. Nitrogen gas was initially introduced as the carrier gas, to simulate 

anoxic conditions present in a degassing process with a flow rate of 50 ml min
-1

. The 

heating procedure was carried out with a heating rate of 10 °C min
-1

 in the range of 25-

1000 °C. All samples weighed roughly 10 mg for each run and alumina crucibles of size 

of 85 µL were used for all experiments. 

3.2.11 Helium pycnometry 

Pycnometry can be used to determine the skeletal volume of a porous material. The 

skeletal volume is a volume within the sample that is inaccessible to the external 

molecules including all closed pores. The skeletal density is then calculated as the mass 

of the sample divided by the skeletal volume which is an essential parameter to 
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determine for manometric measurements. Density determination is carried out by 

pycnometry measurement using helium as the gas, which is a very small molecule 

enabling it to penetrate into the smallest pores in the sample. An important assumption 

in employing helium is that it is not adsorbed onto the material, meaning that any 

pressure change is directly related to the volume measurement and not an adsorption 

phenomenon. Although some materials including carbons have shown appreciable 

helium adsorption particularly at 77 K, this assumption is still valid under ambient 

temperature [11] which also makes the pycnometry measurements valid in this study. 

The helium pycnometry was performed using Hiden Isochema HTP-1 Sieverts-type 

volumetric gas sorption analyser, UK. The degassing procedure was carried out prior to 

the pycnometry by heating the sample under high vacuum at 110 °C for 24 hours and 

subsequently at 250 °C for 4 hours. Samples were allowed to cool to ambient 

temperature before the helium pycnometry was performed. 

3.2.12 Nitrogen sorption  

Nitrogen adsorption-desorption measurements provide a wide range of information 

relevant to porous material characterisation including surface area, pore size distribution 

and pore volume.  The nitrogen sorption measurements in this project were carried out 

at 77K using the surface and catalyst characterization analyser, 3-Flex ‒ manufactured 

by Micromeritics (Norcross, GA), USA. The principle of the mechanism in this 

apparatus is based on the Sieverts technique resulting in adsorption isotherms between 0 

and 1 bar. The 3Flex analyser has six degassing ports and three analysis ports with 

different pressure transducers, capable of simultaneous running samples. It is also 

equipped with operating software (3-Flex) to calculate various parameters based on 

predefined models which will be discussed briefly later.  
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The Sieverts technique is a manometric technique for gas sorption measurements [33, 

34]. In this method, an amount of adsorptive (here nitrogen gas) is loaded into a known 

reference volume. After reaching thermal equilibrium, a valve between the reference 

volume and the cell volume (in which the sample is placed) is opened and the gas is 

distributed throughout the entire volume. The amount of nitrogen adsorbed is calculated 

from the non-ideal gas equation considering the pressure, temperature and volume 

values [33]. This step is repeated with the new amount of nitrogen loaded into the 

reference volume to increase the pressure, and the final isotherm is built up stepwise 

from the calculated uptake from each of these steps. For an accurate calculation of 

nitrogen uptake, the free space analysis is necessary in nitrogen adsorption-desorption 

measurements in order to determine the volume of the sample cell (also called dead 

space or void volume) [35]. The “cold free space” is the volume of the sample cell that 

is submerged in dewar with liquid nitrogen and the “warm free space” is the volume 

above the isothermal jacket and below the equilibration valve [35]. In 3Flex apparatus, 

the free space analysis can be done using helium either before or after the N2 sorption 

analysis [36]. For general applications, this two-volume temperature calibration model 

of the sample cell is described in detail in [33]. 

3.2.12.1 BET surface area 

The Brunauer, Emmett and Teller (BET) theory is the most common method to 

determine the surface area of a porous material from adsorption data. It was initially 

introduced in the 1930s as a multilayer adsorption model to further develop the 

Langmuir theory of monolayer adsorption [37]. A series of apparent surface area 

calculations for different adsorptives were in good agreement with the linear part of the 

Type II isotherm of Brunauer (the knee point) [38]. It was later discovered that the knee 

point in the isotherm was the point at which a monolayer is entirely formed onto the 
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surface, and the surface area could thus be calculated provided that the size and packing 

density of the adsorptive molecules are known. 

To calculate the BET surface area, the isotherm should be plotted as 0
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. If the proper relative pressure is chosen, the plot is linear and parameters including 

the specific monolayer capacity  mn  and BET constant  C  can be extracted from the 

gradient and intercept of the graph, respectively, as shown in equation (3.4) [39]:  
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Where P is the absolute pressure, 0P  is the vapour pressure of the gas at the isotherm 

temperature, An  is the amount adsorbed. The BET surface area can be calculated using 

equation (3.5): 

 BET m AA n AN  (3.5) 

Where A  is the molecular cross-sectional area and AN is Avogadro’s number. 

The correct relative pressure range for the BET method is traditionally considered as 

0.05 – 0.3 by the international standard for surface area determination ISO 9277-2010 

[39]. This criterion is only applicable to adsorption isotherms of type II (disperse, 

nonporous or macroporous solids) and type IV mesoporous solids, (pore diameter 

between 2 nm and 50 nm) [39]. However, this range is questionable in the case of 

microporous adsorbents (type I isotherms) as the micropore filling usually occurs at a 
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low relative pressure, typically below 0.1. Therefore, for microporous materials, much 

care should be taken to use a valid linear region, as suggested by Rouquerol et al. [40].  

1. The linear part of the BET plot represents a positive value of C.  

2. The parameter of nA(1-P/P0) increases instantly with relative pressure increasing 

in the selected region.  

To meet these criteria for microporous materials, the range of relative pressure was 

manually adjusted in Micromeritics software when setting the features for the BET 

method. The adjustment covered both criteria recommended by Rouquerol et al. [40] as 

every pressure step was continuously increasing, and the nA(1-P/P0) value was 

enhancing with increase in pressure. The BET surface area and other coefficients were 

automatically recalculated as the selected pressure range was adjusted, which 

guaranteed that the value for C parameter was still positive.   

3.2.12.2 Pore size distribution 

The pore size distribution (PSD) of a microporous material is useful information that 

can be derived from a nitrogen sorption isotherm. Knowledge of the pore size in 

microporous materials facilitates the evaluation of gas uptake capacity, particularly in 

hydrogen storage applications. The pore size distribution is generally obtained by 

employing a suitable model to the empirical data. The Micromeritics software is 

equipped with various models for PSD calculation including Horvath-Kawazoe (HK) 

and density functional theory (DFT), applicable to microporous materials, which will be 

discussed briefly in the following sections. Choosing an appropriate model to calculate 

PSD strongly depends on the assumptions and limitations of that model, applying 

multiple models allows for the narrowing down of the pore size distribution to a higher 

level of certainty.  
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The HK model, introduced by Géza Horváth and Kunitario Kawazoe in 1983, was 

established based on the first principles of thermodynamics and molecular potential 

theory [41], and is a reliable method for PSD calculation in microporous materials [42]. 

The HK method works by choosing various pore widths, L and finding the relative 

pressure, P/P0 in which pores are filled. The lowest pore width is selected to be higher 

than the summation of the diameters of the adsorbent molecule and the atoms on the 

surface [43]. The cumulative and differential pore size distributions are determined by 

identifying the amount adsorbed at a given relative pressure and the corresponding L 

value for that pressure, and the difference in the amount adsorbed between the current 

value of L and the previous one [41]. The pore shape and adsorbent surface atoms are 

determinative parameters to relate the relative pressure to a particular L. In the HK 

model, a graphitic carbon possessing slit-shaped pores are  assumed, developed from 

the relationship between the potential function of the gas and carbon surface together 

with the relationship between the differential enthalpy of adsorption and the relative 

pressure [41].  

The density functional theory (DFT) and non-linear density functional theory (NLDFT) 

have recently emerged to accurately model the PSD within the nanoporous range. A 

statistical thermodynamic approach is used in DFT theory to calculate the general 

adsorption equation and subsequently produce a PSD that fits the empirical isotherm 

with the ‘kernel’ as a representative of the adsorptive gas molecules, the adsorbent 

surface chemistry and the pore geometry [43]. The DFT calculation is based on the 

grand potential functional Ω[ρ(r)], which is expressed in terms of the density profile, 

ρ(r), of the adsorptive-adsorbate within the pore. In the grand canonical ensemble, the 

free energy is minimised, meaning that the chemical potential (μ), temperature (T) and 

volume (V) of the system are kept constant, to reach the equilibrium density profile. The 

grand potential functional for a one-component fluid is written as [44]: 
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         d extr F r r r U r              (3.6) 

Where F[ρ(r)] is the intrinsic Helmholtz free energy functional, and Uext(r) is the 

external interaction energy and the integration is over the pore volume. The F[ρ(r)] 

functional can be further divided into an ideal gas term and the repulsive-attractive 

forces between molecules. In local DFT theory, the mean field approach is applied to 

the long-range attraction which is acceptable for fluid-fluid interaction. However, when 

it comes to fluid-solid interactions in which short-range correlations are not permitted 

near pore walls, the DFT fails because it represents an invalid density profile. The non-

local DFT (NLDFT) resolves this problem by incorporating the short-range 

approximation of the fluid density. In NLDFT, it is assumed that the surface is 

homogeneous and smooth enough to keep interaction energy constant. NLDFT can 

describe many isotherms, adsorptions, and phase transitions in various pore shapes; 

however, it fails when the pores are very narrow [44]. 

3.2.13 Argon sorption 

Despite the widespread use of nitrogen sorption for the characterisation of porous 

solids, the physical adsorption of other adsorptives such as Ar and CO2 is beneficial as 

complementary techniques to provide additional information. Nitrogen sorption 

measurements cover a broad range of relative pressures (10
-8

-1), leading to adsorption 

in the entire range of porosity. However, data obtained at a very low relative pressure 

range of 10
-3

-10
-8

 at 77 K, are not essential as the characteristic curves often show 

marked downward deviations [45, 46]. Although this deviation is produced due to 

different reasons, including diffusion problems with the molecules in the pores smaller 

than 0.7 nm, variation in the density of the adsorptive density, and different adsorption 

mechanisms depending on the nature of the adsorbent/adsorptive interaction [46], they 
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cannot be neglected. Therefore, to resolve this problem, the technique of employing 

other adsorptives is undertaken.  

Although the kinetic diameters of N2 and Ar are 0.36, and 0.34 [47], respectively, which 

is quite similar, their adsorption behaviour is different, due to the differently shaped 

molecules. Unlike N2, Argon does not possess a quadrupole moment and therefore does 

not interact with most surface functional groups and ions. Therefore, Ar fills the 

micropores at higher relative pressures than N2, resulting in accelerated diffusion and 

equilibration processes, which give rise to higher accuracy and resolution in obtaining 

adsorption isotherms within a reasonable experimental time frame [48, 49]. 

Furthermore, not only are the Ar adsorption more reliable in obtaining accurate pore 

size distribution, but also it is advantageous for surface area analysis. It is commonly 

accepted that the quadrupole moment of the nitrogen molecule intensifies its tendency 

to interact with surface groups such as polar hydroxyl groups [50, 51]. Consequently, 

the effective cross-sectional area of adsorbed N2 is roughly 0.162 nm
2
 in comparison 

with a completely hydroxylated surface cross-sectional area of 0.135 nm
2
. However, Ar, 

with no quadrupole moment and higher boiling temperature (87 K), represents a cross-

sectional area of 0.142 nm
2
 which is less sensitive to differences in the structure of the 

adsorbent surface [48, 49]. Therefore, Argon as a monatomic adsorptive with much less 

reactivity than the diatomic N2 molecule may be an alternative adsorptive for surface 

area determination. 

The argon sorption measurements in this project were carried out at 87 K using the 

Accelerated Surface Area and Porosimetry Analyser 2020 (ASAP2020) ‒ manufactured 

by Micromeritics (Norcross, GA), USA. Similar to 3Flex, ASAP2020 apparatus also 

works based on the Sieverts technique; however, unlike the 3Flex, ASAP2020 only has 
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one port for degassing and one for the analysis. The operating software in ASAP2020, 

called “MicroActive”, contains various models to calculate surface properties. 

3.2.14 Carbon dioxide sorption 

Argon adsorption at 87 K offers advantages for pore size and surface area 

characterisations; however, there is still a limitation in the diffusion of the argon 

molecules for penetrating into the narrowest pores. The pore filling of ultramicropores 

(< ca. 0.45 nm) happens at very low pressures which can be accessed by CO2 molecules 

[52]. Carbon dioxide adsorption at temperatures such as 298 or 273 K has been 

investigated since 1964 [44]. The higher adsorption temperatures, in comparison with 

nitrogen at 77 K, lead to a larger kinetic energy of the carbon dioxide molecules, 

enabling them to penetrate into the narrow pores. As a result, CO2 adsorption provides 

valuable information such as the micropore surface area, the micropore volume, and the 

pore size distribution [53, 54]. Moreover, the kinetic diameters of CO2 and N2 are 

similar (0.33 nm and 0.36 nm, respectively), meaning that both molecules are assumed 

to enter into the same amount of the microporous volume. However, if the entry to the 

micropore is too narrow, the diffusion time for N2 is extremely long, up to several days 

to reach to equilibrium, which is not acceptable for an experimental time period [55]. 

Although CO2 adsorption at 273 K is commonly applied for the ultramicropore analysis 

of materials [56], it is more reliable for assessing pore volume for materials with polar 

sites. This can be mainly explained because of the interactions of CO2 with functional 

groups on the surface [52].  

The carbon dioxide sorption measurements in this project were carried out at 273 K 

using the 3Flex, Micromeritics, Norcross, GA, USA. In order to operate the 3Flex in 

such temperature, the ISO-controller device, which is a sub-ambient, thermoelectric 

cooled dewar, was used with the instrument. 
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CHAPTER IV 

Hydrogen Sorption Measurements and Instrument 

4.1 Introduction 

The hydrogen adsorption-desorption measurements of polymers of intrinsic 

microporosity (PIMs) constitute the primary analysis of these porous materials in this 

project. The technical aspects of measuring hydrogen uptake are addressed in this 

chapter, including the approach and apparatus. The most common techniques of 

adsorption measurements, including manometric (volumetric) and gravimetric technique 

are discussed, however, there is greater focus on the manometric method as it has been 

used in this work. Finally, the specifications of the instrument used, and its capabilities 

regarding the pitfalls and uncertainties related to the manometric method, are 

elaborated. 

4.2 Hydrogen uptake measurement techniques 

There are two common techniques to determine the hydrogen adsorption capacity of a 

porous material, namely manometric and gravimetric methods. The former is based on 

the pressure changes in the system while the latter directly measures the change in 

weight of the sample [1]. The manometric method, also known as Sieverts technique, is 

typically carried out in a constant-volume system in which a fixed amount of hydrogen 

gas is introduced from a calibrated reference volume to another known volume in which 

the sample is placed (cell volume) by opening an interconnecting valve. From 

measurements of temperature and pressure, the amount of gas in each known volume 

initially can be calculated, and any missing gas after the valve is opened is ascribed to 

uptake the sample. This procedure is continued by successive dosing of increasing 

amounts of hydrogen gas and recording the pressure change in the system after it has 
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reached an equilibrium [1]. Similarly, for desorption measurements, the pressure is 

decreased in steps and any extra gas in the volume is attributed to desorption from the 

sample. 

Figure 4.1 shows a schematic representation of a conceptual Sieverts hydrogenator. 

Since the hydrogen uptake measurement is step-wise, at the end of (k-1)
th

 step, the 

hydrogen pressure  Psys is the pressure throughout the whole hydrogenator. The gas 

present in the reference volume and sample cell is at temperature Tref and Tcell, 

respectively. The valve S, connecting these two volumes, isolates the sample cell when 

closed. A new dose of hydrogen into the reference volume (Vref) establishes a pressure 

Pref at temperature Tref. The amount of gas in this volume is calculated using the non-

ideal gas law [2]: 

 

Figure 4.1 Simplified scheme of Sieverts technique [2]. 

 
( , )

PV
n

Z P T RT
   (4.1) 

where n is the number of moles of hydrogen in the volume V at pressure P and Z is the 

hydrogen compressibility factor, which is defined as the deviation from an ideal gas for 
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which Z=1. The compressibility factor is a function of both pressure and temperature, 

and values from the NIST standard database [3] have been used in this work. R is the 

gas constant, and T is the temperature of the gas. 

After the valve S is opened, and sufficient time allowed for equilibrium, the new 

pressure throughout the system Psys is recorded, together with the current temperatures 

of Tref and Tcell [1]. The number of moles of hydrogen adsorbed by the sample in the k
th

 

step k
adsn can be calculated from the difference between the number of moles hydrogen 

in the system before and after dosing (opening the valve S, allowing pressure and 

temperature to equilibrate, then closing valve S) [4]: 

 , ,k k b k a
ads sys sysn n n    (4.2) 

where 
,k b

sysn , 
,k a

sysn  are the numbers of moles of hydrogen in the system before and after 

dosing, respectively. The number of moles of hydrogen gas in the system after dosing is 

the sum of the gas quantities in the reference and cell volumes [4]: 

 , , ,k a k a k a
sys ref voidn n n   (4.3) 

where ,k a
refn  is the number of moles of gas in the reference volume Vref after dosing and 

,k a
voidn  is the number of moles of gas in the void cell volume (Vcell – Vx, where Vx is the 

volume occupied by the sample) after dosing – both of these are at the system pressure 

 ,k a
sysP . The reference and cell volumes are at temperatures ,a

ref
kT  and ,a

cell
kT , 

respectively. As the mass quantity of gas is the number of moles of gas times the molar 

mass ( m Mn ), equation (4.3) can be written as: 

 
 , ,

, , , ,

, , , ,

k a k a
sys ref sys cell xk a k a k a k a

ref void k a k a k a k a
ref cell cel

sys sys

ref l

MP V MP V V
n Mn Mn

Z R
m M

T Z RT


    (4.4) 
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where 
,k a

sysm  is the total mass of hydrogen gas in the system at step k after dosing and 

,a
ref
kZ  and 

.k a
cellZ  are used as abbreviations for  , ,,k a k a

sys refZ P T  and  , ,,k a k a
sys cellZ P T

respectively. Equation (4.4) can be written in terms of the density of the hydrogen gas 

as [5]: 

  , , ,k a k a k a
ref cell xref cellsysm V V V    (4.5) 

where 

,

,

, ,

k a

k a
ref k a k a

re

r

rf

ef

ef

MP

Z RT
  is the density of gas in the reference volume after dosing at 

step k, and similarly for ,k a
cell . In a similar fashion, the mass of hydrogen gas initially in 

the system at step k can be calculated from the quantities in each of the reference and 

cell volumes before dosing. 
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k b k a
ref cell xref cell
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Z RT Z RT
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 (4.6) 

where k-1 refers to the previous step and therefore the density of gas in the cell volume 

before the valve is opened at step k, ( 1,k
c ll

a
e   ) is the density after dosing at step k-1. 

Therefore, the contribution to any adsorption at step k is: 

    , , , 1, , ,k k b k a k b k a k a k a
ads sys ref cell x ref cell xref csys ell ref cellm m V V V V V Vm            (4.7) 

To find the total adsorption at the end of n steps, as represented by the points in an 

isotherm, all the contributions from the previous steps need to be summed: 

  , , 1, ,

1 1

( ) ( )
n

k k b k a k a k a
ads ads ref cell xref ref cel

n
n

l cell
kk

m m V V V   

 

      
    (4.8) 
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where 0,a
cell  is the starting gas density in the cell prior to the first step which is typically 

zero for adsorption measurements, as the system is under vacuum. The n
adsm now 

represents the hydrogen uptake at step n in the isotherm for a particular equilibrium 

pressure ,k a
sysP . 

In the gravimetric technique, the weight of the sample is constantly measured. In a 

double-sided instrument, sample is typically placed in a sample holder suspended on 

one side of a balance arm, while tare weight is attached to the other side of the balance 

(with the tare weight chosen to be approximately equal to the sample weight), as 

schematically shown in  Figure 4.2 [2].  

 

Figure 4.2 Simplified scheme of gravimetric system showing a double-sided microbalance with 

both sample (S) and the tare weight (T) suspended in the gas [2]. 

 

In this technique, the hydrogen uptake is determined based by the mass of hydrogen 

adsorbed after deduction of any buoyancy effect. Within an adsorption step at a 
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particular pressure, the balance records the difference between the sample weight and 

the buoyancy and gives values in mass units [2]. Details on how to calculate the 

buoyancy effect in the gravimetric method is described in detail in [1]. 

Both the manometric and gravimetric techniques are straight-forward; however, data 

obtained from these measurements can be subject to corrections. In the manometric 

method, the volume occupied by the sample is dead volume, inaccessible to the gas, 

which should be excluded in the calculation of the void volume in the cell. Similarly, 

the volume of the sample leads to a buoyancy effect in the gravimetric method. 

Furthermore, accurate measurements of sample temperature as well as high-quality 

vacuum for outgassing the sample are common requirements in both methods [6].  

In this study, a computer-controlled Sieverts-based instrument was used to determine 

the hydrogen sorption properties of PIMs. This apparatus was previously designed and 

constructed in-house to study hydrogen uptake in low-density materials or materials 

whose volume is very difficult to determine, including carbons and porous polymers. A 

brief introduction to this instrument is presented in next section. However, for more 

details on technical parts and specifications, the instrumental article by Pyle et al. [7] is 

recommended.   

4.3 Instrument 

Figure 4.3 illustrates a scheme of the Sieverts apparatus used in this project (from [7]). 

The apparatus consists of series of volumes, including the reference volume (between 

V1 and V4), cell volume (the volume isolated by V4 and V5), gas preparation volume 

(left of V1) as well as a hydrogen reservoir attached via V6, inlets for other gases (V9, 

V10 and V11), a syringe pump (piston) (V7) and vacuum system (V12). All valves are 

connected to the valve control unit (VCU). Pressure transducers (Pref and Pcell) and 

temperature sensors (Tref, Tcell and Tpist) are connected to a digital multimeter (DMM). 

The piston is connected to the piston control unit (PCU). The VCU, DMM and PCU are 
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all connected to the control PC to log data, which has a custom control program with a 

graphical interface from which the apparatus can be controlled and data logged and 

displayed. The instrument capability includes gas sorption isotherms at temperatures 

from 77 K to 773 K, as it is equipped with both cryogenic bath and a furnace. High 

pressure capability is accomplished with the computer-controlled piston, enabling 

hydrogen gas pressures to 320 bar.  

 

Figure 4.3 Simple schematic of computer-controlled Sieverts apparatus [7]. 

4.4 Uncertainties in the Sieverts technique 

The Sieverts technique is prone to uncertainties and errors during both the 

measurements and the calculations for hydrogen uptake of the sample. These 

uncertainties, which have been investigated and reported by a number of authors can 

originate from limitations of the instrument [8], inaccuracies in characterisation 

techniques [4, 6, 9] or pitfalls of the experimental procedures [2, 10-13]. Instruments 

used for hydrogen uptake measurements are typically designed based on the 
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specifications and applications of the materials under investigation and may not be 

necessarily usable for all range of materials or applications [8].  

In the Sieverts method, hydrogen uptake is calculated based on the differences in the 

amount of hydrogen gas present before and after it is dosed into the sample cell volume; 

therefore a small hydrogen uptake leads to a considerable relative uncertainty. For the 

same size sample, more hydrogen gas involved in the measurement (because of higher 

pressure or larger volumes) creates a larger uncertainty [2]. As a result, a design that has 

smaller reference and sample cell volumes decreases the uncertainty in the uptake [13], 

although this also makes the instrument susceptible to lack of knowledge of the sample 

density [2, 4]. It has also been demonstrated that approximately equal volumes for 

reference and sample cell gives the lowest overall uncertainty [2, 4]. However, in the 

case of hydrogen measurements at low temperature, 77 K, it is recommended to choose 

the reference and sample cell volume in a way that matches the ratio of temperatures in 

these volumes [8, 14]. Hydrogen uptake measurements consist of volume, pressure and 

temperature measurements as these are required to determine the amount of gas - and 

these need to be as accurate as possible. 

4.5  Volume calibration at ambient temperature 

A reliable hydrogen adsorption isotherm depends on the accurate measurement of the 

reference and sample cell volumes [11, 15]. Calibration of Vref and Vcell was carried out 

using the gas expansion method [1, 8]. In this method, a volume calibration instrument 

with a known calibration volume, Vcal, is connected to the preparation volume of the 

apparatus. The volume calibrator used here is equipped with a high precision 

Paroscientific 31K-101 pressure transducer (accuracy of 0.01 % FSR 70 bar) [5]. Prior 

to calibration, all volumes are evacuated. The calibrator was dosed with high purity 

helium gas, and the pressure and temperature recorded after the helium had reached 
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thermal equilibrium. The mass amount of gas in the volume calibrator can be calculated 

from: 

 b
cal calMn V  (4.9) 

where M  is the molar mass of the helium gas, 
b
cal  is the gas density in the calibration 

volume before opening the valve to the target volume, and calV  is the known volume of 

the calibrator. Upon opening the valve to the target volume, the pressure and 

temperature were recorded, again after waiting for thermal equilibrium. Provided that 

there is no adsorption on the internal walls of the volumes, the amount of helium gas 

remains the same after opening the valve: 

 b a a
cal cal cal cal T TMn V V V      (4.10) 

where the subscript ‘T’ refers to the target volume and superscript ‘a’ denotes after the 

valve was opened. TV  is the unknown volume that can be determined after rearranging 

equation (4.10), since calV is known. For this calibration of this instrument, the first 

unknown target volume was the volume connecting the calibrator to the Sieverts 

instrument (and encompassing the preparation volume). To determine the subsequent 

unknown volumes, the reference and cell volumes, the same procedure was performed 

by opening the calibrator’s valve to each volume in turn. The calibration procedure was 

repeated at least three times and the average volumes and corresponding uncertainties 

calculated. Table 4.1 shows the volume calibration results and the associated 

uncertainties at ambient temperature for this apparatus. 
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Table 4.1 Calibrated volumes for reference and sample components at ambient temperature. 

Volume description Calibrated Volume (cc) 

Preparation, Vprep 17.827 ± 0.005 

Reference, Vref 11.975 ± 0.006 

Sample Cell, Vcell 8.103 ± 0.001 

 

4.6 Divided volume calibration at 77 K 

Hydrogen adsorption measurements at cryogenic temperatures require a volume 

calibration that has been performed in the same temperature, in this case 77 K. This 

calibration is more complicated than that at ambient temperature, since part of the 

sample cell volume is at ambient temperature and part of it is immersed in a cryogenic 

bath at 77 K. This creates a temperature gradient in the sample cell and therefore needs 

a volume calibration which accounts for this. In this project the divided volume model 

[1] was used. Figure 4.4 shows the sample cell volume conceptually divided into two 

volumes, ambV  at ambient temperature (as for the rest of the system) and samV at the 

temperature of sample, where cell amb samV V V   is the total volume of sample cell 

isolated from other volume components with valve S.  

The quantity of helium gas introduced to the preparation and reference volume is 

calculated from: 

 
b b b
cal cal prep prep ref refMn V V V      (4.11) 

The helium is then introduced to the sample volume and after time for thermal 

equilibrium, the valve is closed and the pressure and temperatures are recorded. As the 



96 

 

total amount of helium remains constant, the amount of helium gas can be calculated 

from: 

 

Figure 4.4 Divided volume model of the temperature distribution in the sample cell. Vamb is 

modelled as the same temperature as the reference volume, and Vsam is at the temperature of the 

sample [1]. 

b b b a a a a a
cal cal prep prep ref ref cal cal prep prep ref ref ref amb s samMn V V V V V V V V              

 (4.12) 

where 
a
s  is the gas density in the sample cell after equilibrium. Using this equation 

together with the total volume of the sample cell, 

 sam cell ambV V V   (4.13) 

 the unknown Vamb, can be determined: 
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This calibration procedure was repeated three times to ascertain the uncertainty in the 

volume calibration. Table 4.2 presents the volume calibration results and the associated 

uncertainties at 77 K for this apparatus.  

This model assumes two discrete volumes with ambient and sample temperatures. This 

assumption best works if the volume with temperature gradient is kept as small as 

possible. For this purpose, a pipe with internal diameter of 1.6 mm is used for the 

temperature gradient of 7 K.   

Table 4.2 Calibrated volumes for reference and sample components at cryogenic temperature. 

Apparatus Volume Calibrated Volume (cc) 

Preparation, Vprep 17.830 ± 0.003 

Reference, Vref 11.961 ± 0.004 

Ambient, Vamb 3.559 ± 0.001 

Sample, Vsam 4.544 ± 0.001 

 

4.7 Empty cell validation 

The empty cell isotherm is an isotherm measurement using hydrogen gas with no 

sample in the sample cell. This isotherm is in fact performed to validate or improve the 

accuracy of the obtained volumes in the previous ambient temperature volume 

calibration [8]. The volume calibration procedure described above uses helium as the 

calibrating gas, whereas the hydrogen sorption measurement necessarily uses hydrogen. 

Differences in the behaviour of the gas used as well as differences in the way the 

pressure transducer responds to each gas may result in slightly different measurements. 



98 

 

To check this, an empty cell validation was performed with the same conditions, 

including the same gas and pressure transducer, as in hydrogen isotherm measurements. 

The empty cell isotherm at ambient temperature can in principal determine both the cell 

and valve volumes, cellV and vV , respectively, given the ambient temperature reference 

volume determined previously.  

Equation (4.8) defines the total adsorption after n steps in an isotherm calculation in 

which refV is the reference volume as determined while the valve between reference and 

sample volumes, S, is closed. cellV  is also determined only when valve S is closed. In 

the empty cell isotherm, as there is no adsorption expected, the mass uptake of 

hydrogen is expected to be zero, and equation (4.8) can be written as: 

    ,

1

, 1, ,

1

k b k a k a k a cell
ref ref cell cell

re

n n

k fk

V

V
   

 

    (4.14) 

where plotting  ,

1

,k b k a
ref ref

n

k

 


  as a function of  
1

1, ,k a k a
cell c

k
ell

n

 


   yields a straight line 

with intercept zero and slope
cell

ref

V

V
 , from which cellV can be calculated [5].  

Upon closing the valve S between reference and sample volumes at the end of each step, 

the gas in the valve volume is transferred to either side, slightly changing the pressure 

on both volumes and, thus a short time should be given for pressure and temperature to 

stabilise. It is necessary to close the valve as slowly as possible to ensure most of the 

gas has re-distributed to equal pressures between the two volumes before gas passage 

through the valve stops. Any further reduction in volume – by tightening the valve, for 

example – after the gas cannot move between the two volumes will change the pressure 

in each volume. If the volumes are not the same, the pressure on each side of the valve 
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will be different which contradicts the assumption of same reference and sample cell 

pressure. Recording the pressure before closing the valve can facilitate the 

determination of the valve volume. Equation (4.15) expands the volume calculation to 

include the valve volume by using measurements with the valve both closed and open: 
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 (4.15) 

where 
,k b

ref  is the density of gas in the reference volume before the valve has been 

opened, and ,k o
cell  indicates the density of hydrogen in the cell at the end of the kth step 

while the valve is still open. 

If 
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Figure 4.5 The empty-cell isotherm for hydrogen adsorption at 298 K and 180 bar. 

The empty-cell isotherm at ambient temperature resulted in the straight line (R
2
 = 

0.999998) shown in Figure 4.5. The cell and valve volumes were determined and are 

shown in Table 4.3. The value for the cell volume matches the volume calibration value, 

but is of higher accuracy. The valve volume is realistic for a Sitec 1000 bar micro valve, 

but has a high associated uncertainty, limiting its usefulness. 

Table 4.3 The empty cell isotherm results at ambient temperature. 

Apparatus volume Measured volume (cc) 

Vcell 8.168 ± 0.001 

Vv 0.025 ± 0.002 

 

4.8 Reference to sample volume ratio 
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The porous polymers are categorised as the low-density adsorbents and the PIMs used 

in this work match this description. The density of PIMs are reported as approximately 

1 g/cc [16-18] and thus using 100 mg of polymer to run the isotherm gives a sample 

volume of approximately 0.1 cc. In order to minimise the uncertainty in the sample 

density, large volumes of reference and cell compared to the volume occupied by the 

sample (preferably a factor of at least 100) are recommended [4]. In addition, the 

reference to sample volume ratio at ambient temperature in which reference and cell 

volumes are at the same temperature is ideally suggested as 1:1 [2, 4]. However, at low 

temperatures at which reference is still at ambient temperature while sample is at 

cryogenic temperature, the reference to sample cell volumes ratio is recommended to be 

closer to the ratio of their temperatures [14]. This results in the requirement for a larger 

reference than sample volume where both are measured at ambient temperature. 

Considering the mentioned criteria above the measured volumes for this instrument are 

close to the optimum values. The volumes of 11.975 cc and 8.103 cc for reference and 

cell, respectively, presents the reference to cell ratio of 1:1.47, and a ratio of 120 and 81, 

compared to the volume occupied by sample. The larger volume of reference to cell also 

meets the criterion for low-temperature measurements. 

4.9 Temperature and pressure measurement 

In the Sieverts-based apparatus used in this study, three different temperature sensors 

were used in the different volumes. Two standard platinum resistance temperature 

thermometers (PRTs) measure the temperatures in the reference and piston volumes. 

The resistance is converted into temperature using the standard conversion polynomials 

ITS-90 (International Temperature Scale of 1990). The temperature sensor used for the 

cell volume is a standard T-type thermocouple embedded inside the sample cell, as 

close as possible to the sample, in order to maximise the accuracy of temperature 
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measurement. The T-type thermocouple covers the temperature range of −270 to 370 °C 

with an absolute accuracy of ±1 °C. This thermocouple is very stable and suitable for 

low temperature measurements such as 77 K [19]. 

Pressure measurements are made using two Druck PTX1400 pressure transducers with a 

pressure range of 400 bar and accuracy of ±0.15 %, installed in the reference and 

sample cell volumes. 

4.10 Sample purity and degassing 

Sample impurities or contamination are a key source of errors in hydrogen uptake 

measurements. The contamination can be caused either during synthesis/preparation, or 

during handling and storage by air-exposure, humidity or the containers/equipment used 

[8]. In the case of porous polymers, a wet-chemistry synthesis method is commonly 

used [20, 21] which requires subsequent purification procedures. The purification aims 

to remove the residual solvent or other material from the surface or pores to avoid any 

interference with hydrogen sorption measurements [8]. Environmental contaminations, 

such as adsorbed nitrogen, oxygen or water, that typically occur with air-exposure and 

humidity may be removed by an effective degassing procedure prior to hydrogen 

sorption measurements. 

In this study, to ensure the removal of residual solvent after synthesis, the polymers 

underwent a purification procedure using various solvents as described in chapter III, 

Synthesis. The synthesised solid polymers were then stored in an inert atmosphere 

argon glove box, to minimise environmental contamination. All samples were 

effectively degassed prior to each hydrogen adsorption-desorption measurement by 

keeping the sample under high vacuum while heating at 110 °C overnight and then 4 

hours at 250 °C. The degassed samples were transferred to the glove box while isolated 

in the sample cell, and weighed prior to hydrogen uptake measurements. 
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For nanoporous materials, high vacuum conditions are typically favoured to remove 

adsorbed contaminants from micropores [22]. In the Sieverts-based apparatus used in 

this study, a combination of turbomolecular pump backed by a rotary roughing pump 

provided a high vacuum of 4.6×10
-6 

Pa (4.6×10
-8 

mbar). A foreline trap on the roughing 

pump minimised back-flow contamination. To remove any adsorbed water from the 

internal surfaces of the apparatus pipes and other components, a heating procedure was 

applied.  

4.11 Gas purity  

The purity of hydrogen gas used in the uptake measurements as well as the helium gas 

for volume calibration is critical [10]. Hydrogen can be contaminated with different 

impurities [23] which can be adsorbed by microporous polymers (PIMs) affecting the 

measurement. The use of ultra-high purity commercial hydrogen in the measurements 

clearly reduces this problem, however, hydrogen cylinders often still contain 

contaminants such as moisture due to the water condensation even before filling the 

cylinder [24]. In the Sievert-based apparatus used in this study, a LaNi5-contained 

reservoir was used as hydrogen source. LaNi5 reacts with oxygen and water, retaining 

these species even when the reservoir is heated to release the hydrogen [25-28], thus 

providing very high purity hydrogen to the apparatus.  

4.12 Leaks 

In the Sieverts technique, leaks can lead to significant errors in hydrogen uptake 

measurement [2]. Leaks can occur both externally as well as leaks through valves 

between different volumes [6], occurring more often in parts that are frequently 

disassembled and reassembled, such as the sample cell during loading and unloading of 

the sample.  
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An initial leak testing prior to every single hydrogen measurement was regularly 

performed prior to starting an isotherm measurement, by isolating each volume with a 

pressure of hydrogen and monitoring the pressure over a time scale similar to the actual 

experiment (hours or overnight). A hydrogen leak detector (Hydrogen Leak Locator 

H1000, Sensistor Technologies, Mecadi GmbH, Germany) also was used to detect any 

hydrogen leak to the atmosphere. 

4.13 Isotherm and excess/absolute adsorption 

The most common approach to represent the hydrogen uptake characteristics of 

adsorptive materials is a pressure-composition isotherm (PCT) [1]. PCT isotherms can 

be obtained under an isochoric (constant volume) condition by introducing hydrogen 

aliquots to the system and measuring the adsorption or desorption, as in the Sieverts 

technqiue. As previously described in section 4.2, the hydrogen uptake measurement is 

step-wise process, each step resulting in calculated amount of the hydrogen gas 

adsorbed (or desorbed) by sample for a given equilibrium pressure, which is typically 

presented as a point in the adsorption isotherm. As shown in equations (4.7) and (4.8) 

the adsorption in each step is dependent on adsorption from the previous steps. 

For microporous materials, the PCT isotherm is typically a type I isotherm, according to 

IUPAC classifications [24], as shown in Figure 4.6. The type I isotherm is concave to 

the pressure axis, illustrating a steep uptake at very low pressures followed by a plateau 

at higher pressures. While the former occurs due to the enhanced interaction between 

adsorbent-adsorptive in narrow micropores, leading to micropore filling at very low 

pressures, the latter is controlled by the accessible micropore volume rather than by the 

internal surface area [22].  
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Figure 4.6 Type I physisorption isotherm [22]. 

The plateau value shown in Figure 4.6, which is maximum uptake obtained in 

physisorption isotherm is called absolute adsorption. However, excess hydrogen 

adsorption is typically reported in hydrogen measurements, due to difficulties in the 

determination of the adsorbed gas layer volume which is required to calculate absolute 

adsorption. The excess adsorption is the amount of hydrogen adsorbed over and beyond 

the hydrogen that would be present in the same volume if no interaction between 

hydrogen and the surface exists [29, 30]. Excess adsorption isotherm differs from 

absolute adsorption isotherm at higher pressures as shown in Figure 4.7. The excess 

isotherm initially increases as the pressure increases, leading to a maximum followed by 

a drop for further increase in pressure [31-33] as the density of the bulk gas increases.  
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Figure 4.7 The comparison between absolute and excess adsorption isotherms. 

To determine the absolute adsorption [30, 32, 33], an assumption about the volume of 

the hydrogen adsorbed phase needs to be made. To do that, it is generally presumed that 

the adsorbed phase of hydrogen has a constant volume or density [8, 30, 34]. However, 

the fact that this assumption cannot be experimentally verified has led to continued use 

of excess isotherms for hydrogen adsorption.  

4.14 Heat of adsorption 

The heat of adsorption is the heat produced upon hydrogen adsorption onto the surface 

of a material at constant temperature, which is associated with the energy loss in the 

motion of the adsorbed molecules [35]. The hydrogen heat of adsorption determines the 

range of temperatures over which reversible hydrogen uptake can occur [36]. In this 

study, the isosteric enthalpy of adsorption was determined from hydrogen adsorption 

isotherms at different temperatures [37]. In this approach, for a certain amount of 

hydrogen gas adsorbed, different equilibrium pressures were taken from isotherms 

measured at different temperatures. The enthalpy of adsorption (∆H) was then 

calculated from the van ’t Hoff equation [38]: 
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where P1 and P2 are the pressures collected from isotherms measured at temperatures of 

T1 and T2, respectively, and R is the ideal gas constant. The results for this are reported 

in chapter VI. 

In this study, the Sieverts technique was applied using a custom-built instrument to 

determine the hydrogen sorption properties of the synthesised and modified PIMs. The 

results of hydrogen sorption measurements for HATN-PIM and palladium-

functionalised polymer, PIM-1 and PIM-1-PANi, in order, are presented in the chapters 

V, VI and VII.  
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CHAPTER V 

Post-Synthetic Modification of a Network Polymer of Intrinsic 

Microporosity and its Hydrogen Adsorption Properties 

5.1 Introduction 

Polymers of intrinsic microporosity were initially synthesised in the early 2000s and 

soon after received attention in the hydrogen storage area owing to pore sizes less than 2 

nm. The microporosity in PIMs is generated during synthesis as a network of 

interconnected intermolecular voids (free volume) which is created by lack of 

conformational arrangement in the polymer due to the highly rigid and contorted 

molecular structure. This means any alteration in the polymer backbone either during 

the synthesis or post-synthesis procedure could change the free volume, and 

subsequently affect the porosity. Any increase in the internal surface area of a 

microporous PIM could lead to enhancement of the hydrogen uptake capacity. As 

mentioned previously, one approach to increasing the hydrogen capacity is to 

functionalise the PIM using different moieties or metal ions to construct a 

supermolecular structure with enhanced active sites. 

With the aim of enhancing the hydrogen uptake of PIMs, metalation of 

hexaazatrinaphthylene using palladium ions was performed. The hexaazatrinaphthylene-

based polymer (HATN-PIM) was chosen as it is prone to binding with metal ions, 

including Co
2+

, Cu
2+

, Ti
2+

, and forms metal complexes. The interest in palladium 

incorporated with HATN-PIM was primarily due to the reactivity of palladium metal 

with hydrogen - possibly increasing the number of hydrogen adsorption active sites 

within the polymer, with a consequential change to the free volume caused by addition 

of a large palladium moiety to the polymer’s molecular structure.   
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This chapter consists of an experimental paper, which has been submitted for 

publication to the Journal of Physical Chemistry C and is currently under revision. It is 

a study of the metalation post-modification of HATN-PIM polymer using palladium, 

where the hydrogen adsorption properties have been investigated at high pressures up to 

2000 bar for the first time. This is the first approach of three different modifications 

techniques carried out on polymers of intrinsic microporosity in this project with the 

aim of enhancing hydrogen uptake. 
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ABSTRACT: An intrinsically microporous high surface area (772 m2 g−1)
hexaazatrinaphthylene-based network polymer has been synthesized. Addi-
tionally, the material was postmodified via the introduction of palladium ions
to determine the effect of metalation on the properties of the assembly. Both
the unmodified as-synthesized and metal-modified polymers were
characterized using elemental analysis, Fourier transform infrared spectros-
copy, solid-state 13C cross-polarization-magic-angle spinning NMR spec-
troscopy, Brunauer−Emmett−Teller surface area analysis, X-ray photo-
electron spectroscopy, X-ray diffraction analysis (XRD), small-angle X-ray
scattering, and thermogravimetric analysis techniques. The hydrogen uptake
capacities of these materials were determined for a wide range of pressures
up to 2000 bar. The palladium functionalization changed the intermolecular
chain distances in the polymer, enhanced the microporosity, and increased
the hydrogen uptake at ambient temperature.

1. INTRODUCTION

Hydrogen is a flexible energy carrier and a promising alternative
to fossil fuels.1 Heavy reliance of global energy supplies upon
fossil fuels has raised concerns about rising global temperatures.
The International Energy Agency 2 °C scenario (2DS) suggests
an energy-system pathway to limit the average global temper-
ature increase to 2 °C by 2100.2 This target requires an
immediate substitute for energy generators emitting carbon
dioxide.3 To benefit from hydrogen as an energy vector requires
a system of three industriesproduction, storage, and use
termed a “hydrogen economy”, in which hydrogen storage is the
main key barrier to progress.4 Hydrogen has relatively low
gravimetric and volumetric energy densities in ambient
conditions, which necessitates storage either through compres-
sion in high-pressure gas cylinders or liquefaction of hydrogen
under cryogenic conditions. These conventional storage
approaches have already been commercialized as hydrogen-
powered fuel cell electric vehicles such as the Toyota Mirai,
Honda Clarity, and more recently, Riversimple Rasa, and aerial
vehicles such as the Genii UAV.5 However, these methods suffer
from high energy losses and low capacity4 (1.9 kW·h/kg and 1.4
kW·h/L for on-board hydrogen storage at 700 bar), in addition
to safety and cost challenges.
Unlike pressurized and liquefied hydrogen storage, hydrogen

storage in solid-state materials can benefit from moderate
temperature and pressure conditions (including close to
ambient). High storage capacity at low weight can be achieved
using materials with strong chemical bonds between hydrogen
and light-atom host materials in stable compounds. Ammo-

nia,6−9 lightweight binary hydrides, such as MgH2,
10−14 and

complex metal hydrides, including alanates11,15,16 and borohy-
drides,17−20 have been used to chemically store hydrogen.21

However, although some of these materials exhibit high
capacities, there are practical drawbacks, such as high enthalpies
of the formation that subsequently require temperatures over
300 °C [e.g., MgNH4 and Na+(BH4)

−], poor kinetics for the
release of hydrogen (e.g., MgH2),

22 and irreversible dehydro-
genation or rehydrogenation reactions (e.g., LiAlH4).

4,21 A
success story in energy storage has been the development of
nickel−metal hydride batteries, demonstrating that it is feasible
to store large amounts of hydrogen in intermetallic alloys
(archetype LaNi5) providing high intrinsic kinetics and relatively
low enthalpies. However, it is worth noting that even this
enthalpy constrains the size of the system or requires extensive
heat management.23−25 In addition, effective intermetallic alloys
are heavy, limiting their application to stationary systems.26

Another approach to hydrogen storage is the physisorption of
molecular hydrogen to a surface. The relatively weak van der
Waals forces (4−12 kJ/mol) attract gas molecules to the host
surface, requiring very little effort to remove the hydrogen but
needing low temperatures to achieve reasonable capacities.27

Porous polymers are among the materials attractive for
hydrogen storage via physisorption because they can be
assembled using a wide variety of synthetic methodologies, are
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readily modified, do not require heavy metals to function as
storage devices, are insensitive to air exposure, and have
attractive mechanical properties.27 Polymers with intrinsic
microporosity (PIM) are a class of porous solid-state materials
capable of storing hydrogen through physisorption. The
intrinsic porosity is due to the rigidity and branched nature of
the macromolecular chains that do not pack efficiently in the
solid state.28,29 A variety of PIMs have been investigated for
hydrogen storage,30 and various approaches have been used to
enhance the hydrogen-storage capacity of PIMs by increasing
the accessible surface area while maintaining the microporous
structure. These approaches include postmodification of an
initial PIM30 by molecular functionalization using various
moieties and the incorporation of metal ions during synthesis
to construct a supramolecular structure with enhanced active
sites.
This study uses a synthesized hexaazatrinaphthylene

(HATN)-incorporated polymer which is an insoluble network
PIM possessing branch sites that prevent the formation of linear
well-packed structures, with a surface area of approximately 772
m2 g−1. In this work, the polymer has been characterized for
hydrogen uptake capacity to pressures up to 2000 bar for the first
time and compared to the same polymer functionalized with
palladium to modify the porosity as well as tailor the hydrogen
interactions for the material. Our interest in the study of
palladium with HATN-PIM is initially based on the potential
reactivity of palladium metal with hydrogen which can affect the
hydrogen adsorption capacity of the modified polymer. Also, the
knowledge of how the palladium moiety connects to the
polymer backbone may allow modification of the free volume of
the molecular structure of the polymer, creating larger amounts
of interconnected free volume that may increase the porosity.
Previous work on palladium-functionalized HATN polymers
studied applications as heterogeneous catalysts.31 To our
knowledge, there is no investigation in the literature into the
hydrogen uptake capacity of palladium-functionalized HATN
materials. In this work, we also focused on the porosity of the
polymer before and after modification with palladium to
investigate the effect on the porosity and report the first
measurement of hydrogen uptake by Pd-modified HATN-PIM.

2. EXPERIMENTAL SECTION
2.1. Materials. Hexaketocyclohexane octahydrate; 4,5-

dichlorophenylenediamine; 5,5′,6,6′-tetrahydroxy-3,3,3′,3′- tet-
ramethyl-1,1′-spirobisindane; potassium carbonate; and bis-
(benzonitrile)palladium(II) chloride were purchased from
Sigma-Aldrich and prepared by placing under vacuum at 110
°C overnight to remove adsorbed gas species. Solvents, glacial
acetic acid, methanol, ethanol, acetone, chloroform, tetrahy-
drofuran (THF), dimethylformamide (DMF), and dimethyla-
cetamide (DMAC) were obtained from Sigma-Aldrich and were
purified using the methods of Armarego.32

2.2. Syntheses. 2.2.1. Preparation of 2,3,8,9,14,15-
Hexachloro-5,6,11,12,17,18HATN [HTA(Cl)6] Monomer.
The HAT(Cl)6 monomer was prepared according to the
method described by Skujins and Webb33 using commercially
available precursors, hexaketocyclohexane octahydrate, and 4,5-
dichlorophenylenediamine. Hexaketocyclohexane octahydrate
(0.25 g, 0.8 mmol) was added to a solution of 4,5-
dichlorobenzene-1,2-diamine (0.85 g, 4.8 mmol) in glacial
acetic acid (70 mL). The mixture was heated under reflux for 2 h
and cooled. The solid was filtered and washed with acetic acid,
water, and solventsethanol and acetone. The resulting solid

was then washed for several hours by Soxhlet extraction using
180 mL of MeOH, acetone, and THF sequentially. The
monomer was then vacuum-dried at 120 °C overnight, yielding
a yellow-green powder (expected monomer ≈ C24H6N6Cl6)

2.2.2. Preparation of HATN-PIM Network Polymer. The
HATN-PIM polymer was prepared according to the method
described by McKeown.31 Initially, 1.13 g (1.9 mmol) of the
prepared monomer, HAT(Cl)6, was mixed with 0.97 g (2.85
mmol) of 5,5′,6,6′-tetrahydroxy-3,3,3′,3′- tetramethyl-1,1′-
spirobisindane in 70 mL of anhydrous DMF under nitrogen
gas. After adding 3.8 g (20.3 mmol) of anhydrous potassium
carbonate, the mixture was maintained at 120 °C in an oil bath
under nitrogen overnight. Then, it was cooled and mixed with
200 mL of distilled water, and the orange polymer was collected
by suction filtration and washed with water and methanol. The
material was further purified by refluxing with 180 mL of
methanol, acetone, DMAC, and THF, sequentially. The
polymer was then ground and dried in a vacuum oven at 120
°C (expected polymer repeat ≈ C55.5H36N6O6).

2.2.3. Postmetalation of a HATN-PIM-Pd Network Polymer.
The palladium-functionalized HATN-PIM was prepared
according to the method described by McKeown.31 An 8 mL
orange chloroform solution of (PhCN)2PdCl2 (0.28 g, 0.72
mmol) was progressively added to a stirred suspension of the
HATN-PIM (0.205 g, 0.232 mmol) in chloroform (18 mL).
Following the formation of a black precipitate, the reaction
mixture was stirred at ambient temperature for 20 h. The
precipitate was collected by suction filtration, washed with
methanol and chloroform, and then purified by refluxing with
180 mL of methanol, THF, and chloroform sequentially. The
black powder was vacuum-dried at 90 °C overnight (expected
polymer repeat ≈ C55.5H36N6O6Pd3Cl6).

2.3. Characterization Techniques. Elemental analysis
(CHN) was carried out to identify the percentages of carbon,
hydrogen, and nitrogen in the samples using a Thermofisher
Scientific, FlashSmart CHNS/O Analyser. The chlorine and
palladium percentages were obtained using an Agilent 8800
Laser Ablation Inductively Coupled PlasmaMass Spectrometer,
USA. To identify the chemical structure of HAT(Cl)6
monomer, HATN-PIM polymer, and palladium-functionalized
HATN polymer, Fourier transform infrared (FTIR) spectra
were obtained in the range of 400−2000 cm−1 using a
PerkinElmer Spectrum Two FTIR Spectrometer. Thermogravi-
metric analyses for both polymer and Pd-modified polymer were
performed using a NETZSCH STA 449 F3 Jupiter, Germany, in
the range of 25−1000 °C under a nitrogen atmosphere with a
flow rate of 50 mL/min. To investigate the chemical
environment and surface stoichiometry of the elements of
HATN before and after functionalization with palladium, X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed using a Kratos Axia Ultra X-ray Photoelectron
Spectrometer (XPS), UK. To study the amorphous structure
of polymers, powder X-ray diffraction was collected by Bruker
D8 Advance MKII, (Cu Kα, λ = 0.154 nm). To determine the
average distance between polymer chains, small-angle X-ray
scattering (SAXS) was carried out for both polymer and Pd-
modified polymer using an Anton Paar SAXSess, Germany (Cu
Kα, λ = 0.154 nm). The surface properties of polymers were
analyzed by nitrogen adsorption−desorption measurements
that were carried out using a Micromeritics 3Flex, USA. The
porosity distribution was calculated by MicroActive data
analysis software using nonlocalized density functional theory
(NLDFT) model for the characterization of porous carbons
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with slit-shaped pores using nitrogen sorption data at 77 K. The
density of the samples was measured using He pycnometry with
a Hiden Isochema HTP-1 Sieverts-type manometric gas
sorption analyzer, UK. Solid-state 13C CP-MAS NMR
spectrometry was conducted using a Varian Unity Inova 400
spectrometer, CA, USA. Samples were loaded into a 7 mm OD
silicon nitride rotor and spun at the magic angle at a frequency of
100.6 MHz. Spectra were acquired using the xpolar1 cross-
polarization pulse sequence with an acquisition time of 14 ms
and a recycle delay of 2.5 s. A contact time of 1800 ms
(optimized using a contact time array experiment) was used, and
24000 transients were collected for each sample. The
morphology of the polymer before and after palladium
functionalization was investigated using the Field Emission
Scanning Electron Microscopy (FESEM), JSM 7100. The
FESEM was equipped with 129 JEOL eV resolution silicon drift
detector which was used for X-ray energy-dispersive spectros-
copy (EDS) to identify the elemental analysis of polymers.
2.4. H2 Sorption Measurements. Hydrogen adsorption−

desorption isotherms were made using two custom-built, high-
pressure Sieverts apparatus. The first, a computerized instru-
ment, was specifically designed for low-density porous materials
with uncertain or difficult to define volume,34 with hydrogen
uptake measurements performed up to 320 bar at both 77 and
298 K. The second instrument was able to make measurements
to 2000 bar at ambient temperature. Prior to the hydrogen
sorption measurements, the densities of the samples were
obtained by helium pycnometry.

3. RESULTS AND DISCUSSION

3.1. Elemental Analysis and Laser-Ablation Induc-
tively Coupled Plasma Mass Spectrometry. Table 1 shows
the carbon, hydrogen, and nitrogen percentages for the
monomer, polymer, and Pd-modified polymer of HATN
determined using elemental analysis (CHN) as well as the
chlorine and palladium percentages from the laser-ablation
inductively coupled plasma-mass spectrometry (LA-ICP-MS)
studies, and these are compared to the calculated quantities. In
the case of HATN-PIM and HATN-PIM-Pd, the data show less
carbon and slightly more hydrogen in the polymers than
expected based on the ideal structure. Network polymers tend to
form hydrates via intermolecular hydrogen bonding inter-
actions, which allows association with a water molecule.31 Table
1 also includes the calculated CHN percentages based on a
hydrated polymer. In the case of carbon elemental analysis, the
HATN-PIM polymer is still low even after taking into account
the possible effect of hydration. This may be because of
difficulties in the combustion of these materials.35 Okada and
Marvel36 describe this problem as occurring frequently in the
analysis of thermally stable polymers with fused aromatic rings.

The LA-ICP-MS results shown in Table 1 indicate that the
HATN-PIM polymer contains a small amount of chlorine which
might be because of the residual of the starting material
(HAT(Cl)6 monomer). Moreover, small traces of potassium in
HATN-PIM (0.32 wt %) and HATN−PIM−Pd (0.66 wt %)
polymers were recorded by LA-ICP-MS, indicating the presence
of salt residual/by-product. The recalculation of elemental
composition considering potassium and chlorine in the polymer
resulted in lower calculated carbon percentage of 65.9% (cf
71.1% previously), confirming the low carbon percentage
obtained by elemental analysis (see Table S1 in the Supporting
Information). The elemental analysis results in Table 1 suggest
that the HATN-PIM-Pd has a 3:1 (Pd: repeat unit of the
network) ratio, and the Pd elemental analysis value corresponds
to about 95% of the expected stoichiometric amounts.

3.2. FTIR Analysis. From the FTIR spectra shown in Figure
1, it can be observed that a sharp band at 1106 cm−1 in the

monomer, corresponding to the C−Cl bond, has disappeared,
and a band between 1200 and 1256 cm−1 has appeared which
corresponds to the stretching vibrations of the aryl ether
linkage35 (see Figure S1 in the Supporting Information for the
full FTIR spectra). These provide evidence for the dibenzodiox-
ane reaction during polymerization which is a double-aromatic
nucleophilic substitution mechanism between a catechol and an
aryl halide unit with hydroxyl and chlorine functional groups,
respectively. Furthermore, bands at 1400−1650 cm−1 corre-
spond to the stretching vibrations of C−N, CC, and CN
which are associated with the skeletal vibrations of the aromatic

Table 1. Elemental Analysis of the Synthesized Monomer [HAT(Cl)6], Polymer (HATN-PIM), andMetalated Polymer (HATN-
PIM-Pd)

name repeat unit C % H % N % Cl % Pd %

HAT(Cl)6 calculated 48.77 1.01 14.22 35.99
found 48.11 1.05 13.76 31.29

HATN-PIM calculated polymer 75.5 4.11 9.52
calculated hydrated polymer 71.1 4.52 8.97
found 62.43 4.65 8.62 0.82

HATN-PIM-Pd calculated polymer 47.11 2.56 5.94 15.03 22.56
calculated hydrated polymer 45.38 2.88 5.72 14.48 21.73
found 45.10 2.85 5.22 14.42 21.43

Figure 1. FTIR spectra of HAT monomer, HATN-PIM polymer, and
palladium-functionalized HATN polymer in the range of 400−2000
cm−1.
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ring system of HATN moiety in the samples,37 confirming the
expected chemical structure of the monomer/polymer. The
similar FTIR spectrum for palladium-functionalized HATN-
PIM suggests the same chemical structure (HAT core unit and
aryl ether linkage) to that of the HATN-PIM polymer. The
asymmetric palladium nitrogen stretching mode occurs at
approximately 500 cm−1; however, this may also correspond
to planar complexes of palladium.38 In the case of aromatic
complexes such as pyridine complexes, the palladium−nitrogen
vibration occurs at lower frequencies (200−287 cm−1).39 The
weak but broad band at 3100−3690 cm−1 in both HATN
polymer and HATN-PIM-Pd (see Figure S1 in the Supporting
Information) represents the presence of hydrated water which
supports the elemental analysis results.
3.3. Solid-State 13C Cross-Polarization Magic-Angle

Spinning (CP/MAS) NMR. Scheme 1 shows the schematic

illustration of samples: (a) polymer incorporating hexaazatria-
zene-based core and spirobisindanyl linker units, and (b) the
corresponding thrice-metalated Pd derivative.
The 13C CP/MAS spectra obtained for two materials are

provided in Figure 2. The aromatic region of the CP/MAS
spectra of (a,b) shows a number of intense spinning side bands,
which may be attributable to the high degree of chemical shift

anisotropy associated with flat, planar, aromatic systems with
extended π-conjugation. A comparison of the isotropic chemical
shift regions of the two spectra shows a high degree of
correspondence with chemical shifts observed for relevant small-
molecule fragment analogues. Peris and co-workers40 recently
reported 13C NMR data for an analogue of the HAT core,

hexaazatriphenylene-tris-benzimidazolidone (Scheme 2a). The
13C chemical shifts for the linker analogue 3,3,3′,3′-tetramethyl-
1,1′-spirobisindan-5,6,5′,6′-tetrol (Scheme 2b) are at δ 144,
142, 141, 111, 108, 59, 56, 42.5, 32, and 31 ppm which are in
agreement with the Bio-Rad spectral database.41

Pazderski and co-workers42 conducted NMR studies onmetal
complexes of 2,2′-bipyridine or 1,10-phenanthroline. In these
complexes, C(1a) of the metalated phenanthroline ligands was
observed at 2−5 ppm to the low field of the corresponding
resonance for the free ligand. This is not unexpected because the
13C nuclei adjacent to the N(1) and N(10) nuclei would be

Scheme 1. Schematic Representation of Hexaazatriazene-
Based Core and Spirobisindanyl Linker Unit (a) and Its
Corresponding Thrice Metalated Pd Derivative (b)

Figure 2. Solid-state 13C CP/MAS spectra (100MHz, 4.85 kHz) obtained for (a) HATN-PIM polymer and (b) it’s corresponding thrice metalated Pd
derivative (HATN-PIM-Pd). Assignments for the five principal chemical shift regions are illustrated. (Primary and secondary spinning side bands are
color-matched with their isotropic chemical shifts. For the interpretation of the reference color in this figure, the reader is referred to the pdf version of
this article).

Scheme 2. 13C Chemical Shift Data (75 MHz, CDCl3)
Reported for Hexaazatriphenylene-tris-Benzimidazolidone
(a) [S. Ibáñez, M. Poyatos, E. Peris, Chem. Commun., 2017,
53, 3733−3736] Published by the Royal Society of
Chemistry,40 and Molecular Structure of 3,3,3′,3′-
tetramethyl-1,1′-spirobisindan-5,6,5′,6′-tetrol (b)
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expected to be increasingly deshielded in the metal complexes,
relative to the isolated ligand.
The downfield shift observed for C(1a) of metalated

phenanthroline ligands parallels the downfield shift observed
in the CP/MAS spectra obtained in the present study for the Ar-
Cq nuclei of the HAT core of the polymers (in δ 140−150 ppm
range, Figure 2b). Accordingly, the downfield shift in the present
study is consistent with a structural formulation in which the
palladium metal binds to the N nuclei of the HAT moieties
present within the polymer.
3.4. N2 Sorption. The surface properties of the network

polymer of hexaazatriphenylene before and after functionaliza-
tion with palladium were investigated using nitrogen sorption
analysis. The BET surface area was calculated based on the
Brunauer−Emmett−Teller (BET) method in a P/P0 range of
0.05−0.1 suitable for microporous materials, and the pore-size

distributions (PSDS) of the pure polymer and its metalated
counterpart were analyzed using the semiempirical method of
Horvath and Kawazoe (HK method) and the microscopic
treatment NLDFT model for slit-pore geometry in carbon
materials. Figure 3a shows the nitrogen adsorption−desorption
isotherms for both network HATN polymer and HATN-PIM-
Pd. The isotherms are type I according to the IUPAC
classification, indicating microporous materials.43 Hysteresis
can be observed on the desorption branch for both HATN-PIM
and HATN-PIM-Pd polymers; however, the hysteresis for
HATN-PIM polymer is comparatively larger and continues to
lower pressures. Because hysteresis is indicative of polymer
swelling44 upon adsorption of N2 molecules, this indicates
significantly less swelling in the palladium-modified polymer. A
comparison of these two isotherms shows much higher
adsorptionmore than twofoldfor the palladium-function-

Figure 3.N2 adsorption−desorption isotherms of HATN-PIM and HATN-PIM-Pd polymers; adsorption (filled) and desorption (empty), (a) linear
plot and (b) expansion of the very low relative pressure region of the adsorption−desorption isotherms, (c) pore-size distributions calculated by the
Horvath−Kawazoe method (model: slit-pore geometry for carbon), (d) pore-size distribution calculated by NLDFT (model: slit-pore geometry for
carbon), and (e) experimental isotherms (circles) with fitted NLDFT theory (solid lines).
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alized HATN-PIM polymer over the unmodified polymer. The
very low-pressure regions of the isotherms (Figure 3b) indicate
higher nitrogen adsorption for the metalated polymer which is
characteristic of the micropore filling.43 Moreover, N2
adsorption starting at a low relative pressure indicates the
presence of smaller effective pore sizes within the palladium-
modified polymer. Another difference between the two nitrogen
adsorption isotherms in Figure 3b is the high adsorption at
saturation pressure for HATN-PIM-Pd. In addition, the steplike
shape which is more dominant for HATN-PIM-Pd can be seen
at a relative pressure of approximately 10−4 and 10−1, indicating
multiple adsorption layers. These steps are much broader for
HATN-PIM polymer. Considering similar results on graphitic
carbons by Kruk et al.,45 this may be attributed to an increase in
the homogeneity of the surface of the HATN-PIM-Pd polymer.
The BET surface area of HATN-PIM was calculated to be 772
m2 g−1, which is in agreement with that reported previously in
literature, 775 m2 g−1.31 However, the BET surface area
increased to 1927 m2 g−1 after functionalization with palladium
indicating that the porosity of HATN-PIM was significantly
enhanced by metal modification.
The calculated PSD using the HK method is shown in Figure

3c. Although both HATN-PIM polymer and metalated HATN
polymer demonstrate microporosity, the micropore volume of
HATN-PIM-Pd is more than twomagnitudes higher than that of
HATN-PIM. Themedian pore diameter calculated from theHK
method for the polymer and its metalated derivative is 0.49 and
0.51 nm, respectively. This is in agreement with results from low-
pressure isotherms, indicating relatively large effective pore sizes
in HATN-PIM arising from adsorption at high relative
pressures. The pore-size distribution obtained from the
NLDFT model is shown in Figure 3d, indicating ultra-
microporosity (<0.7 nm) with higher pore volume for HATN-
PIM-Pd, in agreement with the results from the HK method.
The total pore volume calculated by NLDFT was 0.45 cm3 g−1

(pores≤ 100 nm) for HATN-PIM, which significantly increased
to 1.02 cm3 g−1 upon modification with palladium. The NLDFT
model fit to the experimental nitrogen isotherms is presented in
Figure 3e, showing an excellent fit to the experimental data.
3.5. Thermal Stability. The thermal analysis of both the

HATN polymer and the Pd-functionalized polymer is shown in
Figure 4. The thermal behavior of these two polymers differs for
temperatures lower than approx. 500 °C. A mass reduction of

3.24% over the temperature range of ambient to 200 °C was
observed for HATN-PIM polymer, possibly because of the loss
of adsorbed water,31 as the weight loss is consistent with the
tendency of HATN polymer to form hydrates, as indicated by
the elemental analysis. For the HATN-PIM-Pd, a significantly
lower weight loss of 0.71% below 200 °C can be observed,
suggesting that fewer water molecules are associated with the
palladium-functionalized polymer. The HATN-PIM-Pd poly-
mer then shows a sharp weight loss of 13.3% in the temperature
range of 200−400 °C in comparison with a gradual weight loss
of only 2.15% for HATN-PIM polymer. This weight loss might
be attributed to any residual left from the additional
modification and subsequent additional purification that has
been performed on HATN-PIM-Pd. It could also be partially
because of the chemical degradation onset at about 300 °C, as
reported by Ghanem.35 The last step of weight loss at about 400
°C corresponds to the decomposition of HATN and HATN-
PIM-Pd polymer. At above approximately 500 °C, a similar
thermal behavior is found for both HATN-PIM polymer and its
palladium-functionalized counterpart.

3.6. XPS Analysis.The XPS survey scans of the HATN-PIM
andHATN-PIM-Pd are given in Figure 5a,b. Figure 5c−g shows
the high-resolution XPS spectra of N 1s and Cl 2p of HATN-
PIM andN 1s, Cl 2p, and Pd 3d of HATN-PIM-Pd, respectively.
From Figure 5g, the best fits of the Pd 3d spectra were

resolved into three doublets (Pd 3d5/2−3d3/2). Two doublets of
Pd 3d5/2 and Pd 3d3/2 with binding energies at 335.5 and 340.79
are assigned to Pd0 and Pd2+, respectively.46 The ratio of Pd0 to
Pd2+ is 1.5. The appearance of peaks with binding energies at
338.3 eV and 343.5 with electron transitions of Pd 3d5/2 and Pd
3d3/2 may be attributed to Pd−Cl47 in palladium ligand and in
the by-product potassium tetrachloropalladate, K2PdCl4. The
doublet pair Pd 3d5/2 and Pd 3d3/2 at binding energies of 337.17
and 342.4 eV match Pd−N and Pd−O, respectively.48,49 This is
supported by the N 1s XPS spectra shown in Figure 5c. The
peaks at binding energies of 399.02, 400.28, and 401.47 are
assigned to pyridine-like nitrogen, pyrrolic nitrogen, and C−N
bond, respectively.50 Changes in the nitrogen sites can be clearly
seen from the N 1s XPS spectrum before and after
functionalization, which might be consistent with the coordina-
tion of palladium with pyridine-like nitrogen. The palladium
complexes should act as cross-linkers between the pyridine-like
nitrogen of the polymer chains, forming palladium−imidazole
coordination.51 The Cl 2p spectra are shown in Figure 5d, fitted
with doublets of Cl 2p3/2−2p1/2 at binding energies of 199.21
and 200.81 and also 200.78 and 202.38, corresponding to
covalent chlorine species [17]. These peaks have been shifted
from 1.135 eV to 198.075 and 199.676 and from 1.598 eV to
199.18 and 200.78, respectively, after reaction with the
palladium complex (Figure 5f). This shifting could be attributed
to the organic chlorine (chlorine bonded to aromatic C)
transforming to inorganic chlorine (chloride salts such as KCl,
PdCl2, and K2PdCl4).

52 In the case of KCl and K2PdCl4, these
by-products were partially removed during purification. The
high-resolution XPS spectra of C 1s for HATN-PIM show a
small peak at 294 eV, which is assigned to potassium overlapping
with peaks corresponding with carbon (see Figure S2 in the
Supporting Information). Elemental analysis, LA-ICP-MS, and
XPS analysis of the HATN-PIM and HATN-PIM-Pd supports
the structures shown in Scheme 3.
The atomic percentage of elemental compositions based on

the XPS analysis is shown in Table 2. The weight percentage of
each element has also been calculated and is in agreement with

Figure 4. Thermogravimetric analysis of HATN-PIM (solid) and
HATN-PIM-Pd (dashed) in the range of 25−1000 °C under nitrogen
atmosphere.
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the LA-ICP-MS results. However, the latter is typically more
accurate because the XPS measurement is based only on the
surface chemistry (top 10 nm) of the sample. In the case of
carbon, higher atomic percentages because of the possible
contamination of the surface of the sample, as reported by
Golczak et al.,53 can result in lower weight percentage of other
elements compared to that of LA-ICP-MS results.
3.7. XRD Analysis. The X-ray diffraction (XRD) analysis of

the polymer, as shown in Figure 6, confirms the amorphous
structure of the HATN-PIM because the spirocyclic cross-links
inhibit a close packing of the HATN components.54 The
diffraction peaks in the HATN-PIM pattern, as seen in Figure
6A, are assigned to a by-product salt, KCl, remaining in the

sample even after the purification process. The diffraction peaks
in the HATN-PIM-Pd pattern can be seen in Figure 6B at 40°
(111) and 46.6° (200) of palladium metal with the lattice
parameter 3.901 Å compared to 3.890 Å for bulk palladium. The
crystallite size was calculated using the Scherrer equation to be
300 ± 30 Å.

3.8. SAXS Analysis. The SAXS scattering patterns for
HATN-PIM network polymer and HATN-PIM-Pd polymer are
shown in Figure 7. The patterns from HATN-PIM-Pd include
three main features: power-law scattering at low q and two broad
amorphous halos exhibited with maxima at 0.35 and 0.9 Å−1 It is
commonly assumed that features in the scattering at very low q
reflects the surface structure of the sample. The significant

Figure 5. XPS survey scan of (a) HATN-PIM, (b) HATN-PIM-Pd, and high-resolution XPS spectra of (c) N 1s of HATN-PIM, (d) Cl 2p of HATN-
PIM, (e) N 1s of HATN-PIM-Pd, (f) Cl 2p of HATN-PIM-Pd, and (g) Pd 3d of HATN-PIM-Pd.
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difference between the HATN-PIM (I∝ q−3) and HATN-PIM-
Pd (I α q−4) samples for low q implies that palladium
functionalization has changed the surface characteristics of
polymer to a great extent.
The broad peak with a maximum at 0.35 Å−1 in the SAXS

scattering data for PIM-HATN-Pd is the main difference
between the Pd-modified polymer and the polymer itself. In
polymers of intrinsic microporosity, themain scattering source is
between the polymer and free volume (porosity), which is
defined as distances between adjacent polymer chains.55 The
scattering peak for palladium-functionalized HATN polymer
centered at 0.35 Å−1 with a corresponding d-spacing of 17.9 Å
shows smaller free volume than the parent polymer with a
scattering peak at 0.28 Å−1, and therefore a d-spacing of 22 Å.
The decreased space between polymer chains may be because of
the functionalization of polymer with palladium ions and/or
Pd°. The low-q power law and flat SAXS intensity are also seen
in amorphous, nanoporous activated carbons.56,57

3.9. Scanning Electron Microscopy. Scanning electron
microscopy images of HATN-PIM and HATN-PIM-Pd, shown

in Figure 8, reveal that the morphology of the polymer has been
changed significantly after palladium functionalization. A close
look at HATN-PIM (Figure 8A) suggests that the polymer has
been formed as a more uniform, possibly layered structure. This
structure in HATN-PIM-Pd (Figure 8B) has changed to a
completely distinctive physical structure. This structure is more
ramified compared to the parent polymer and therefore has
larger interparticle spacing. This results in an additional void
volume because of palladium functionalization. Consequently,
the formation of void space increases the porosity of the
modified polymer which could enhance the hydrogen uptake
capacity. Figure 9 shows SEM images along with EDS of HATN-
PIM-Pd, in which a rodlike compound can be clearly seen. The

Scheme 3. Structures for HATN-PIM-Pd with Different
Palladium Complexes: (A) palladium Chloride and (B)
Palladium Nanoparticles

Table 2. Atomic Percentages and Calculated Weight
Percentages of HATN-PIM and HATN-PIM-Pd Samples
Derived from the XPS Survey Spectra

sample\element C % N % O % Cl % Pd %

HATN-PIM (at. %) 83.45 6.23 9.13 1.19
HATN-PIM (wt %) 78.26 6.80 11.62 3.3
HATN-PIM-Pd (at. %) 73.46 4.57 14.92 4.08 2.97
HATN-PIM-Pd (wt %) 53.79 3.86 14.44 8.75 19.15

Figure 6.X-ray diffraction of (A)HATN-PIM and (B)HATN-PIM-Pd
(λ = 0.154 nm).

Figure 7. Small-angle X-ray scattering (SAXS) spectra of HATN-PIM
and HATN-PIM-Pd (λ = 0.154 nm).
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elemental mapping images of the same SEM image reveal the
presence of a compound consisting of K, Pd, and Cl. The low-
intensity crystalline peaks corresponding to this compound have
also emerged in the XRD pattern of HATN-PIM-Pd, which is

assigned to K2(PdCl4). This by-product was not removed during
purification.

3.10. Hydrogen Sorption Properties. Hydrogen adsorp-
tion and desorption measurements in a Sieverts-type apparatus
were performed to determine the hydrogen uptake capacity of
the network polymer of HATN and palladium-functionalized
polymer. Figure 10A shows the excess gravimetric (wt %)
hydrogen adsorption uptake for HATN-PIM polymer and three
cycles of HATN-PIM-Pd at ambient temperature (298 K),
under hydrogen pressures up to 320 bar. These results show that
the palladium functionalization has increased the hydrogen
uptake of HATN-PIM network polymer. However, because the
uptake did not return to zero during the desorption cycle, the
hydrogen uptake is not fully reversible. The subsequent second
and third cycles also show higher hydrogen uptake compared to
the polymer but are still not fully reversible. Hence, some of the
hydrogen remains trapped in the sample which may be either
hydrogen binding with palladium or a structural arrangement of
the polymer that traps hydrogen. To exclude the possible
hydrogen binding of the palladium from the hydrogen uptake of
the palladium-functionalizedHATNpolymer, Figure 10B shows
the hydrogen uptake (mmol) per repeat unit of HATN-PIM and
HATN-PIM-Pd polymers. From Pd−H isotherms in the
literature,58−60 the atomic ratio of hydrogen to bulk palladium
(H/Pd) has been suggested as 0.6. Using this figure and the
amount of Pd per repeat unit, a maximum of 0.225 mmol of H2
can be ascribed to the palladium hydride in each repeat unit at a
pressure of 300 bar at ambient temperature. From Figure 10B, at
300 bar, the additional hydrogen per repeat unit in the
palladium-functionalized HATN polymer is 3.25 mmol, which
is over an order of magnitude greater than what can be bound to
Pd. Hence, the palladium functionalization has indeed increased
the hydrogen uptake of HATN-PIM network polymer
significantly at ambient temperature.

Figure 8. SEM images of (A) HATN-PIM and (B) HATN-PIM-Pd.

Figure 9. SEM and EDS images of HATN-PIM-Pd.
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To confirm this relatively high hydrogen uptake of HATN-
PIM-Pd at ambient temperature, the hydrogen uptake measure-
ment was repeated in a high-pressure Sieverts-type apparatus,
capable of 2000 bar, allowing the study of uptake of the
palladium-functionalized HATN-PIM to much higher pressures
than the first apparatus. The excess hydrogen adsorption
isotherm is shown in Figure 10C. The isotherm obtained
reproduces the previous measurements at lower pressures, and
then reaches a maximum excess hydrogen adsorption at 2.17 wt
% at 700 bar. At pressures above ∼700 bar, little further
hydrogen was adsorbed and themeasured excess uptake starts to
drop.
Figure 10D shows the hydrogen isotherm of HATN-PIM and

HATN-PIM-Pd at 77 K, where significantly higher adsorption is
expected. Both isotherms are IUPAC type I isotherms,
corresponding to microporous materials.43 The gravimetric
excess hydrogen uptake for HATN-PIM and Pd-functionalized
HATN-PIM network polymers at 77 K are 3.86 and 3.13 wt %,
respectively. However, it can be clearly seen from Figure 10D
that the hydrogen uptake of HATN-PIM-Pd is yet to reach a
plateau which may occur at higher pressures. Hysteresis can be
observed in the desorption branch of the hydrogen isotherm for
HATN-PIM-Pd, whereas no hysteresis is observed for the pure
polymer, supporting the possibility of some hydrogen either
trapped in the structure of the polymer or bound with palladium.

4. SUMMARY OF RESULTS

It is clear from a number of measurements that the post-
modification of the HATN-PIM network polymer has changed
the surface properties of the polymer. From the XRD analysis, a

comparison of the low q scattering for HATN network polymer
and palladium-functionalized HATN polymer confirms a
significant change in the surface of the polymer. Similarly,
SEM images show the alteration in physical structure and
morphology of the polymer after modification. Furthermore, the
amorphous halo feature of the SAXS pattern for HATN-PIM-Pd
at 0.35 Å−1, corresponds to the porosity characteristics of
polymer after functionalization, which is not present in the
HATN-PIM pattern. Although the corresponding d-spacing of
17.9 Å and 2θ = 4.93° cannot be observed in the X-ray
diffraction pattern of HATN-PIM-Pd because of the angle range
restriction, the pore-size distribution obtained from N2 sorption
measurements confirm the microporosity of the polymer
modified with palladium. The second amorphous halo in the
SAXS pattern at 0.9 Å−1, which is clearly observed as the
corresponding d-spacing of 7 Å and 2θ = 12.67 in the X-ray
diffraction pattern of HATN-PIM-Pd, is assigned to the
K2(PdCl4) compound. The existence of this by-product is also
affirmed by SEM images.

5. CONCLUSIONS

In this study, we have successfully synthesized and characterized
a network polymer of intrinsic microporosity, HATN-PIM with
a surface area of 772 m2 g−1, and its palladium-functionalized
counterpart, HATN-PIM-Pd, with a surface area of 1927 m2 g−1.
The study on the effect of metal functionalization on the
porosity of the polymer using SAXS and pore-size distribution
showed that the intermolecular chain distances in the polymer
were changed upon linking with palladium ions and/or metal
(Pd°). Consequently, free volume in the molecular structure of

Figure 10. Hydrogen adsorption/desorption isotherms for HATN-PIM polymer and metal-functionalized polymer, HATN-PIM-Pd at (A) ambient
temperature and pressures to 320 bar, (B) ambient temperature with units in mmol per repeat unit of polymer, (C) ambient temperature with
pressures to 2000 bar, and (D) 77 K up to 320 bar.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b11969
J. Phys. Chem. C 2019, 123, 6998−7009

7007

http://dx.doi.org/10.1021/acs.jpcc.8b11969


polymer changed, modifying the porosity of the polymer. The
pore-size distribution results before and after palladium
modification show an increase in microporosity of HATN-
PIM-Pd. The investigation of hydrogen uptake capacity of the
palladium-functionalized HATN network polymer indicates an
increase in hydrogen uptake capacity for HATN-PIM-Pd at
ambient temperature up to 2000 bar and a continuing upward
trend at pressures as high as 300 bar in 77 K. This could occur
because of the enhancement of active sites that metal ions
created in the polymer structure.
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CHAPTER VI 

The Effect of Thermal Treatment on the Hydrogen Storage 

Properties of PIM-1 

6.1 Introduction 

The relatively low hydrogen uptake capacity of most PIMs render them less favourable for 

practical hydrogen storage applications, despite their unique properties including high 

microporosity, high surface area and chemical and thermal stability. However, an approach to 

achieving higher hydrogen uptakes in PIMs is to increase the surface area and porosity. This 

requires control over the pore structure while the surface area is enhanced. Physical 

treatments such as sub-Tg annealing, thermal crosslinking and thermal quenching are 

techniques capable of modifying the pores (microvoids) within the polymer and subsequently 

changing the surface area.  

PIM-1 is the most common polymer of intrinsic microporosity with a relatively high surface 

area, microporous nature and straightforward synthesis. The presence of nitrile groups in the 

polymer structure simplifies the modification of PIM-1, as they can be replaced by other 

functional groups or crosslinked with moieties to construct bulkier polymer chains, increasing 

the microporosity. Thermal treatment of PIM-1, as a physical treatment technique, has been 

attempted in several studies [1-5] for various purposes with the majority focused on gas 

separation applications.  

Thermal crosslinking of PIM-1 films was first reported by Li et al. [1], annealing at 250–300 

°C for 0.5–2 days under vacuum. This study suggested that the crosslinking occurs by the 

formation of triazide groups from nitrile groups of three chains. The thermal crosslinking 

resulted in a more thermally-stable PIM-1 and enhanced the selectivity coefficients for H2/N2, 
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H2/CH4, O2/N2, CO2/CH4 and CO2/N2 gas separation studies of membranes cast from the 

annealed polymer. Thermal oxidative crosslinking, which is simply a heat treatment in the 

presence of trace amounts of oxygen, was applied to PIM-1 films by Song et al. [3] at 385 °C 

and 1 mbar vacuum overnight. Although the study focused on the use of the thermal 

treatment to tune molecular sieve membranes, the gas sorption measurements were 

investigated to determine gas solubility. The results showed lower uptake of H2, N2, CH4, O2 

and CO2 gases in the treated PIM-1. Carbonisation of some PIM-1 films has also been studied 

at high temperatures. Salinas et al. [5] reported an increase in surface area from 513 to 700 

m
2
g
–1

 by annealing PIM-1 films at 600–800 °C for 30 minutes. However, Kim et al. [4] failed 

to enhance the BET surface area by heating PIM-1 films at 1100–1300 °C for up to six hours 

under a mixture of N2 and H2. The surface area decreased from 819 to 643 m
2
g
–1

, however, 

the average pore size decreased shifting the pore size distribution towards the micropore 

range. The preparation of activated carbon fibres from annealing PIM-1 was reported by 

Bonso et al. [2] for applications in electrochemical capacitors. The carbonisation of the PIM-

1 fibres was carried out at 1000 °C for 1 hour, followed by an activation procedure at 800 °C 

for 1 h, and finally, annealing under N2 flow at 900 °C. The BET surface area of the PIM-1 

fibres increased from 546 m
2
g
–1

 to 1162 m
2
g
–1

 upon activation, and the pore size distribution 

showed an increase in the pore sizes. However, none of these studies investigated the 

hydrogen uptake capacity of thermally-treated PIM-1 for the purpose of hydrogen storage 

application over a range of pressures and temperatures. 

This chapter consists of an experimental paper, which has been submitted for publication to 

the International Journal of Hydrogen Energy. The work studied the thermal treatment of 

PIM-1 under high vacuum, together with an investigation of the effect of thermal treatment 

on the hydrogen adsorption properties, as well as characterising the porosity changes. The 

hydrogen uptake measurements for PIM-1 in this study were performed at pressures up to 
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320 bar for the first time. This study is the second approach of three different modification 

techniques carried out on polymers of intrinsic microporosity in this project, with the aim of 

enhancing hydrogen uptake. 
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6.2 Experimental paper: The Effect of Thermal Treatment on the Hydrogen  

Storage Properties of PIM-1 

D. Ramimoghadam, S.E. Boyd, C. L. Brown, E. MacA. Gray, C. J. Webb. 
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The Effect of Thermal Treatment on the Hydrogen-Storage
Properties of PIM-1
Donya Ramimoghadam,[a] Sue E. Boyd,[b] Christopher L. Brown,[b] Evan Mac A. Gray,[a] and
C. J. Webb*[a]

There has been recent interest in polymers of intrinsic micro-
porosity (PIMs) for solid-state hydrogen-storage materials; how-
ever, the gas-sorption properties and conditions for hydrogen
uptake are relatively unexplored. PIM-1 has been synthesised
using the condensation reaction between 3,3,3,3-tetramethyl-1,1-
spirobisindane-5,5,6,6-tetraol and 2,3,5,6-tetrafluorophthalonitrile

as precursors. The synthesised PIM-1 was annealed at different
temperatures for varying times and then characterised for
hydrogen uptake at both ambient and cryogenic temperatures.
The excess hydrogen PCT isotherms have been measured to high
pressure (320 bar) for the first time and the effect of different
annealing conditions on the hydrogen capacity is reported.

1. Introduction

Hydrogen has a key role in the development of a low-pollution,
non-carbon-based and more sustainable energy system. The
widespread use of hydrogen as a carbon-free energy carrier is
currently hampered by the difficulty of storing hydrogen at
high energy density per unit mass and volume. Numerous
physisorptive hydrogen adsorbents have been studied for
hydrogen storage such as zeolites, carbon materials, including
graphene, fullerenes, activated carbons and carbide derived
carbons,[1] metal-organic frameworks (MOFs)[2] and porous
polymers.[3] Although some of these nanoporous materials have
demonstrated relatively high gravimetric hydrogen uptake
capacities, their volumetric storage densities are still
insufficient.[4] Hydrogen storage in porous materials, physisorp-
tion, is due to the weak van der Waals interaction between the
adsorbate and adsorbent at temperatures well above the gas
critical temperature. Achieving high storage capacities on
carbon-based materials at practical temperatures is difficult due
to the low isosteric heat of adsorption for hydrogen (5–
10 kJmol� 1),[5] although this has the advantage of easy
desorption. Therefore, hydrogen adsorption based on phys-
isorption is typically investigated at cryogenic temperatures.
Furthermore, the impractically low hydrogen storage capacities
at low pressures and ambient temperature has led to research
on enhancement of the hydrogen uptake by nanoporous
materials by filling larger pores at higher pressures.[6] This new
attitude towards high-pressure hydrogen storage has been
provoked by commercial hydrogen-powered fuel-cell electric

vehicles (FCEVs) such as the Toyota Mirai, Honda Clarity and
Hyundai Nexo, which use high pressure (up to 700 bar) com-
pressed gas storage tanks.

Porous organic polymers have been considered for hydro-
gen storage as they generally consist of light elements and can
be synthesised through diverse methods and easily modified
and functionalised in order to improve the interaction with
hydrogen. “Polymers of intrinsic microporosity” (PIMs)[7] are a
class of porous organic polymers possessing intrinsic micro-
porosity derived from a highly rigid and contorted molecular
structure. This microporosity occurs during synthesis by the
interconnected intermolecular voids and fused ring structures
forming a continuous network which prevents free rotation
along the polymer backbone. These glassy polymers typically
have moderately high internal surface areas in the range of
500–1000 m2g� 1[8] and have been demonstrated to adsorb 1.5–
1.7 wt% hydrogen at 77 K and 1 bar, and up to 2.71 wt% at
77 K and 10 bar.[8b,c]

PIM-1, as a high surface area soluble PIM, has recently
attracted attention for a wide range of applications. The rigidity
and the contorted macromolecular structure, due to the
presence of a spirocentre in this polymer, give rise to a large
number of microvoids attractive for small molecule adsorption.
The ease of preparation, accessible internal surface area of
800 m2g� 1 and reversible hydrogen adsorption behaviour,[8b]

make PIM-1 a promising material for hydrogen storage
applications. PIM-1 is commonly synthesised using a polycon-
densation reaction between the commercially available precur-
sors, 3,3,3’,3’-tetramethyl-1,1’-spirobisindane-5,5’,6,6’-tetraol and
tetrafluoroterephthalonitrile. Song et al.[9] reported on the
optimisation of the polycondensation reaction, investigating
factors such as temperature and molar ratio. An alternative
route to synthesise PIM-1 was introduced by Fritsch et al.,[10]

significantly reducing the reaction time by using a co-solvent
and high reaction temperature. However, questions were raised
about the quality of the synthesised polymer and the existence
of linear structures resulting in the loss of microporosity.[11] In a
later study, Zhang and Dai et al.[11] reported a mechanochemis-
try technique to synthesise PIM-1 which was much faster and
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Griffith University
Nathan 4111, Brisbane, Australia
E-mail: j.webb@griffith.edu.au

[b] Dr. S. E. Boyd, Ass. Prof. C. L. Brown
Environmental Futures Research Institute
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solvent free. This approach enhanced the efficiency of the
reaction through frictional heating as well as ongoing exposure
of active sites during solid grinding.[11] Though this milling-
based method resulted in a high molecular weight polymer
with low polydispersity, the BET surface area (520 m2g� 1) was
significantly lower compared to that previously reported for
PIM-1 (720–875 m2g� 1).[7,8b,12]

Modifications have been made to PIM-1 to increase the
uptake by this polymer. Siperstein et al.[13] reported the
incorporation of graphene into PIM-1 membranes and studied
the carbon dioxide sorption properties of the modified polymer.
The graphene disturbed the smooth surface of the PIM-1
suggesting a possible enhancement in the permeability and
adsorption rate, while structural properties such as surface area,
pore size distribution and density were maintained. However,
identical adsorption isotherms for PIM-1 and PIM-1/graphene
membranes suggested that graphene incorporation to PIM-1
membrane had no significant effect on the polymer’s affinity
toward carbon dioxide, thus not affecting the selectivity of the
PIM-1 membrane. The same group also performed a theoretical
study of the methane adsorption properties of PIM-1, using
molecular dynamics simulations,[14] and compared this with the
available experimental results. Although the simulated methane
adsorption isotherm agreed qualitatively with the experimental
isotherm, quantitatively it indicated higher uptake. This discrep-
ancy was attributed to residual solvent, kinetically inaccessible
pores and the effect of sample history in the experimental
results, including physical aging, the solvent used for synthesis
and the solution processing used to produce the PIM-1
film.[14–15] Yavuz et al.[16] reported a non-invasive functionalisa-
tion of PIM-1, where inclusion of amidoxime functionality
increased the micropore surface area by 20% and the
corresponding carbon dioxide uptake capacity by 17% without
loss of microporosity. In addition, McDonald et al.[17] studied the
N2 and CO2 sorption properties of PIM-1 after modification with
polycyclic aromatic hydrocarbons (PAH). The intermolecular
interactions between the PIM-1 and PAHs resulted in rapid
precipitation of the polymer. Crosslinking PIM-1 with pyrene
dramatically reduced nitrogen uptake of the films at cryogenic
temperatures, while carbon dioxide uptake at ambient temper-
ature was only slightly reduced.

Despite a large number of studies on PIM-1 and its
derivatives, there has been little focus on hydrogen storage
applications. The hydrogen adsorption capacity of PIM-1 was
first reported by McKeown and Budd et al.[8b] as 1.04 wt.% and
1.4 wt.% at 1 and 10 bar, respectively, at 77 K. Polak-Kraśna
et al.[18] investigated the mechanical properties and hydrogen
adsorption capacity of PIM-1 for application as a liner in
hydrogen storage tanks. The hydrogen uptake capacity was
investigated for both powder and film forms of PIM-1 at
pressures up to 170 bar. A maximum excess hydrogen uptake
of 1.66 wt% at 32 bar for powder and 1.59 wt% at 29 bar for
the film were reported. Later, Rochat et al.[19] reported on the
mechanical properties and hydrogen uptake capacity of
composite-based PIM-1 containing the porous aromatic frame-
work, PAF-1. Although PIM-1 membranes showed an uptake
capacity of 4.79 wt% with 37.5 wt% incorporation of PAF-1, the

preparation of self-standing films with more than 20 wt%
additive was extremely challenging due to brittleness of the
membrane.

The thermal treatment of PIM-1 polymer for different
applications including gas separation membranes,[20] water
filtration[21] and electrochemical capacitors[22] has also been
explored. These studies were aimed at increasing thermal
crosslinking, thermal oxidative crosslinking and carbonisation of
PIM-1, and to tune the pore size of the polymer for a specific
purpose other than hydrogen storage.

A primary aim of the current work was to identify the effect
of thermal treatment (annealing) on the hydrogen storage
properties of PIM-1. To the authors’ knowledge, there is
relatively little literature on the hydrogen adsorption behaviour
of PIM-1 in the high-pressure range. This study determined the
hydrogen adsorption capacity of heat-treated PIM-1 at pres-
sures up to 320 bar for the first time. In addition, complemen-
tary gas sorption techniques including nitrogen, argon and
carbon dioxide adsorption-desorption measurements were
carried out to fully characterise the porosity of PIM-1 annealed
at different temperatures and for different times.

Experimental

Materials

Anhydrous potassium carbonate, 3,3,3’,3’-tetramethyl-1,1’-spirobi-
sindane-5,5’,6,6’-tetraol, tetrafluoroterephthalonitrile and anhydrous
dimethylformamide (DMF) were all supplied from Sigma Aldrich.
The polymer precursors were used as received without additional
purification.

Synthesis of PIM-1 Polymers

PIM-1 (see Scheme 1) has been synthesised based on the method
of Budd et al.[12] by reaction of commercially available 3,3,3’,3’-

tetramethyl-1,1’-spirobisindane-5,5’,6,6’-tetraol (TTSBI) (A) and
2,3,5,6-tetrafluoroterephthalonitrile (TFTPN) (B) in the presence of
dried K2CO3 and anhydrous dimethylformamide (DMF).

In a typical synthesis, 1.8 g TFTPN (9 mmol), 3.066 g TTSBI (9 mmol),
and 9.96 g K2CO3 (72 mmol) were mixed in a three-neck round-
bottom flask equipped with a condenser under nitrogen. A yellow
precipitate immediately appeared after the addition of 60 ml
anhydrous DMF to the flask. The reaction was stirred vigorously for
three days at 65 °C under nitrogen. The mixture was then cooled to
ambient temperature and added to 100 ml of distilled water while

Scheme 1. Synthesis of PIM-1. The conditions (i) are K2CO3, DMF, 65 °C, and
72 h (redrawn from [12] with permission).
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stirring for 1 h. The precipitate was vacuum-filtered and washed
with methanol and distilled water. Reprecipitation was used to
purify the PIM-1 solid with chloroform and then methanol. The
solid was then dried at 80 °C for 24 hours.

Characterisation Methods

Gel permeation chromatography (GPC) was carried out using a
Waters 1515 Isocratic HPLC Pump equipped with a 717plus
Autosampler, 2414 Refractive Index Detector and 2489 UV/Visible
Detector (MA, USA). Fourier transform infrared spectra were
obtained in the range 400–4000 cm� 1 using a Perkin Elmer
Spectrum Two FTIR Spectrometer. 1H NMR spectra were acquired at
400.14 MHz at 300 K in CDCl3 solvent on a Bruker Avance NEO
spectrometer. 16 scans were acquired using a 30° pulse and a
recycle time of 5.7 s. Spectra were processed using the MNova
software package (v11.0). Thermal analyses for thermally- treated
PIM-1 samples were performed using a NETZSCH STA 449 F3
Jupiter, Germany in the range of 25–1000 °C under a nitrogen
atmosphere with a flow rate of 50 ml/min. A Dynamic sampling
mass spectrometer (DSMS), Hiden Analytical, England was used for
mass spectrometry measurements. Nitrogen and carbon dioxide
sorption measurements were conducted on a Micromeritics 3Flex
(Norcross, GA) at temperatures of 77 K and 273.15 K, respectively,
with an equilibration interval of 45 seconds for all relative pressures.
Argon sorption data at 87 K were obtained on a Micromeritics ASAP
2020 instrument using the same equilibration interval. MicroActive
data analysis software was used to fit the non-local density
functional theory (NLDFT) model (slit-pore geometry) to gas
sorption isotherms. He pycnometry was carried out by Hiden
Isochema HTP-1 gas analyser. Hydrogen (99.999% purity) adsorp-
tion-desorption measurements were carried out using an in-house
Sieverts apparatus[23] at 77 K and ambient temperature at pressures
to 320 bar.

Thermal Annealing of PIM-1 Polymers

The thermal annealing of the PIM-1 polymers was implemented as
a pre-treatment procedure involving heating under high vacuum
using a turbo pump (�10� 8 mbar). The samples were maintained
under vacuum at various temperatures and for different times.
Table 1 lists the samples and conditions of the PIM-1 thermal
treatment. A Sieverts apparatus equipped with an electric furnace
was used to heat the samples under vacuum at temperatures
according to Table 1. The temperature ramp rate was 1 °C/min.
After thermal treatment, the sample was cooled to ambient
temperature and then immediately subjected to hydrogen adsorp-
tion measurements.

2. Results

2.1. Polymer Synthesis

The average molecular weight (Mw), average molecular number
(Mn), and polydispersity (PDI) of yellow fluorescent PIM-1 were
determined by gel permeation chromatography (GPC) in
tetrahydrofuran, against the polystyrene standard. The results
were Mw=290,000 gmol� 1, Mn=151000 gmol� 1 with a polydis-
persity index (PDI) of 1.9. The wide range of results in the
literature (see Table 2) which might be due to the variation in
synthesis conditions, make comparisons difficult, but the results

found in the current study are within the range of reported
values.

The chemical structures of PIM-1 samples annealed at
different temperatures and times were compared using Fourier
transform infrared spectroscopy (FTIR). The FTIR spectra were
similar for all the PIM-1 samples, despite the different annealing
temperatures and times. All bands in the spectra of the
annealed PIM-1 samples were in agreement with those reported
for PIM-1 polymer.[25] Furthermore, 1H NMR studies of the PIM-1
samples were also in accordance with the reported
literature,[16,26] indicating the successful synthesis of PIM-1.

2.2. Thermal Stability

Thermogravimetric and DSC analyses on the annealed PIM-1
samples were performed and these are shown in Figure 1A and
Figure 1B. From the TGA graphs, it can be seen that all samples
showed a small weight-loss below 110 °C which can be
attributed to water removal. Further weight-loss up to 250 °C,
which is more than 5 wt% for sample 1 and 2, is believed to be
the early partial degradation of dioxane rings.[20b,c] This degrada-
tion is much less for samples 3–5 (annealed for longer or at
higher temperature), indicating higher thermal stability for
these samples. Decomposition of the polymers occurred at
475 °C, corresponding to complete degradation of dioxane and
methyl groups.[20c] This is in agreement with the literature
reporting the thermal stability of PIM-1 at approximately
450 °C.[12,20a] The DSC plots in Figure 1B show the endothermic
and exothermic behaviour of the PIM-1 polymers in which the
water removal, partial degradation and decomposition steps
can be seen. Song et al.[20b] suggested that crosslinking
reactions are unlikely to happen below 300 °C, which would
rule out the possibility of any of these samples undergoing
pyrolysis, and carbonisation. However, a change in colour for
sample 5, annealed at 350 °C, from yellow to dark brown, was

Table 1. Thermal treatment conditions of the samples in this study.

Sample
no.

Sample Name Temperature [°C] and Time [h]

1 PIM-1-110-15 h 110 for 15
2 PIM-1-110-15 h–250-4 h 110 for 15 followed by 250 for 4
3 PIM-1-110-24 h–250-4 h 110 for 24 followed by 250 for 4
4 PIM-1-110-15 h–250-

24 h
110 for 15 followed by 250 for
24

5 PIM-1-110-15 h–350-4 h 110 for 15 followed by 350 for 4

Table 2. Average molecular weight (Mw), molecular number (Mn) and
polydispersity (PDI) of synthesised PIM-1 from available sources.

Mw [gmol
� 1] Mn [gmol

� 1] PDI Ref.

270,000 96,000 2.8 [12]

57,000 30,000 1.9 [9]

85,000 55,000 1.6 [24]

485000 337000 1.4 [11]

193,000 76,000 2.5 [18]

290,000 151,000 1.9 Current study
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observed. In-situ mass spectroscopy analysis during heat treat-
ment for sample 5 indicated small amounts of CO2 gas released.
This may be explained by partial scission of the dioxane linkage
in the backbone of the PIM-1, emitting CO2 as has been
previously proposed.[20b,c] This hypothesis is supported by the
results from FTIR, in which the peak at 1110 cm� 1 corresponding
to dioxane-ether linkage[20c] decreased in intensity for sample 5.

2.3. Gas-Sorption Properties

2.3.1. Density Measurement

The density of PIM-1 was measured by helium pycnometry
using a Hiden Isochema HTP1 sorption analyser. The sample
was degassed for 24 hours at 110 °C and then 4 hours at 250 °C
before He pycnometry. The average skeletal density for the
synthesised PIM-1 was calculated as 1.18 gcm� 3, averaged over
three measurements. This value is in good agreement with the
available experimental skeletal densities reported for PIM-1 of
0.94–1.4 gcm� 3[14,27] In order to fully determine the high free
volume in PIM-1, additional pore characteristics are required

including surface area, pore volume and pore size distribution,
which are discussed in the next section.

2.3.2. Nitrogen Sorption Measurements

Figure 2A shows nitrogen adsorption-desorption isotherms for
all the annealed PIM-1 samples. The isotherms have the
characteristics of both Type I and Type IVa isotherms, represent-
ing the combination of macro- and microporous material with
high adsorption at low pressure and slow rise of uptake as the
pressure increases. Although the shape of the nitrogen
isotherms for all samples appears similar, expansion of the low-
pressure region indicates some differences. From Figure 2B, a
step in the low-pressure isotherms can be seen indicating the
formation of monolayer adsorption[28] at relative pressures
between 10� 6 and 10� 4. However, this step is more obvious in
the isotherm for sample 1, which was annealed at 110 °C for
15 h, and it occurs at higher relative pressure. For samples 2 to
5, the step becomes broader and shifts to lower relative
pressures. Similar results were observed by Kruk et al.[28] for
graphitic carbons in which the decrease in the slope of the
steps was attributed to a decrease in the surface homogeneity
of the carbon, while the relocation to lower pressures was
attributed to an increase in the average adsorption energy.

The N2 sorption at low pressure indicates the existence of
micropores[8a] in samples 2 and 3, while the requirement for
higher pressure in samples 4, 5 and 1 (in increasing order),
indicates larger pore sizes. The nitrogen isotherms show
hysteresis upon desorption, increasing with higher adsorption.
While the hysteresis at high relative pressures is associated with
mesoporosity,[29] the hysteresis at lower P/P0 might be attrib-
uted to a network structure of micropores or can be created by
a swelling effect caused by the adsorptive,[8a] indicating that
porosity in PIM-1 samples is a combination of micro- and
mesopores. The nitrogen isotherms were fitted using non-local
density functional theory (NLDFT) model which is a microscopic
model of the sorption process based on intermolecular
interaction parameters and certain pore geometries[30] – slit-
pore geometry for carbon materials in this study. The NLDFT
model did not fit the experimental nitrogen isotherms very
well, resulting in a standard deviation of 2.8 cm3g� 1. The model
also produced an artificial step which has been previously
reported in the literature.[31]

The pore size distributions, shown in Figure 2C, were
calculated using the Horvath-Kawazoe method,[32] which asso-
ciates the average interaction energy in the pore to the relative
pressure required to fill a specific micropore diameter. From
Figure 2C, it is clear that while all samples show microporosity
(pores <20 Å), sample 1 has more of the larger micropores in
the pore size distribution with a mean pore size centred at
6.6 Å, similar to the literature for PIM-1.[8a,25a] With increasing
annealing temperature and time, the PIM-1 samples have a
smaller proportion of micropores, suggesting annealing at
higher temperature and time enhanced the ultramicroporosity
(pores <10 Å). Sample 3 with the longest heat treatment at
110 °C (24 hours) has the smallest effective micropore size of

Figure 1. Thermogravimetric analysis of thermally-treated PIM-1 samples at
25–1000 °C under nitrogen, (A) TGA, and (B) DSC.

Articles

1616ChemPhysChem 2019, 20, 1613–1623 www.chemphyschem.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Montag, 17.06.2019

1912 / 137584 [S. 1616/1623] 1

http://orcid.org/0000-0001-6659-0726


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

4 Å. The effect of annealing on the enhancement of the
ultramicroporosity is also confirmed by the NLDFT analysis
(Figure 2D), however, the values differ as the NLDFT and HK
methods are based on different assumptions. The semi-
empirical method of HK, which is commonly used for size
distribution analysis of micropores, presumes that pores of a
certain size are filled at a particular relative pressure determined
by the interaction between the adsorbent and pore walls.[32]

However, NLDFT modelling offers a more physically motivated
treatment of the thermodynamic properties of the pore fluid.[33]

It also accesses the whole range of pore sizes including micro-
and mesopores.[33] In this study, both NLDFT and HK methods
showed that the annealing procedure shifted the pore sizes to
smaller values. NLDFT calculations show that thermal treatment
has caused new peaks to emerge around 5–6 Å compared to
sample 1. These peaks are distributed narrowly and are more
distinctive, with higher pore volume compared to the sample
heated only at 110 °C (sample 1). The high peak at 10 Å in

sample 1 disappeared as the heating temperature and time
increased, suggesting that peak is an artefact of the fit.

BET surface areas were calculated by applying the Brunauer
Emmett Teller (BET) model within the pressure range recom-
mended by Rouquerol et al.[34] The values shown in Table 3 are
in agreement with the literature.[8b,19,25a] The highest apparent
BET surface area was obtained for samples 2 and 3. Total pore
volumes were calculated from nitrogen uptakes at P/P0�0.99,
Table 3 shows the porosity of the thermally treated PIM-1
samples calculated from the nitrogen adsorption measure-
ments. Samples 2 and 3, which differ in the time spent at
110 °C, show near identical behaviour with an apparent BET
surface area of 743 m2g� 1 and total pore volume of
0.51 cm3g� 1, but differ slightly in the median pore diameter,
with a smaller pore width of 4.04 Å for sample 3, cf 5.27 Å for
sample 2.

Sample 5, which was heated to the higher temperature of
350 °C, demonstrated higher nitrogen adsorption than sample 1

Figure 2. (A) N2 adsorption-desorption isotherms of PIM-1 samples; adsorption (filled) and desorption (empty) – note samples 2 and 3 are overlaid, (B) The low
relative pressure region of the adsorption isotherms, and (C) pore size distributions calculated by the Horvath-Kawazoe method (model: slit-pore geometry for
carbon), (D) NLDFT calculation of the pore size distribution (model: slit-pore geometry for carbon).

Table 3. Porosity characteristics of thermally treated PIM-1 polymers calculated from the nitrogen isotherms.

Sample BET surface areaa

[m2g� 1]
Langmuir surface area
[m2g� 1]

Micropore volumeb

[cm3g� 1]
Micropore volumec

[cm3g� 1]
Total pore volumed

[cm3g� 1]
Median pore
widthe [Å]

1 560 970 0.18 0.013 0.39 6.61
2 744 1270 0.25 0.057 0.51 5.27
3 743 1266 0.25 0.060 0.51 4.04
4 547 944 0.23 0.044 0.38 5.01
5 443 766 0.20 0.041 0.34 5.16

aApparent BET surface area using N2 as the sorbate at 77.3 K.
bDetermined from the N2 isotherm at P/P0=0.03. cdetermined by slit-pore NLDFT calculation for

pores <5.5 Å. dcalculated from the nitrogen uptakes at P/P0�0.99. e Calculated using the Horvath-Kawazoe method.
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in the low pressure range, indicating a larger proportion of
smaller micropores.

2.3.3. Argon Sorption Measurements

The porosity of the PIM-1 samples was determined from argon
isotherm calculations at 87 K and 1 bar. Argon adsorption
measurements have some advantages over nitrogen sorption
which are desirable for a complementary study of the porosity
in PIM-1. Nitrogen has a quadrupole moment which makes it
susceptible to interaction with functional groups on the
polymer’s surface. This makes it difficult to distinguish the
difference between structural and surface heterogeneity.[35]

Thus, using an adsorbate like argon with a minimum tendency
of interaction with surface functional groups is favourable. In
addition, the monolayer formation in argon sorption at 87 K
occurs at a higher pressure compared to nitrogen sorption at
77 K, which makes argon a more suitable adsorbate, particularly
in instruments which are unable to measure very low relative
pressures.[35]

The Ar isotherms, (Figure 3A), have a steep uptake at low
pressure and gradual increase in higher relative pressure,
suggesting a combination of type I and type IVa isotherms,
representing macroporosity combined with a permanent micro-
porosity. The low-pressure region of the argon adsorption
isotherms is expanded in Figure 3B, indicating microporosity in
sample 2 and larger pore sizes in sample 5, which was also
observed in the results from the nitrogen isotherms. However,
unlike the nitrogen adsorption results, the argon uptake is

similar for samples 1,3 and 4. Argon is a smaller probe molecule
in comparison to nitrogen, with a kinetic diameter of 3.4 Å, cf
3.64 Å for N2. It is possible that there are pores in sample 1
inaccessible to nitrogen gas molecules which argon gas
molecules could penetrate. Argon isotherms also show hyste-
resis in desorption, similar to the N2 isotherms, which may be
due to the swelling in these organic polymers.

Table 4 shows the porosity characteristics of the thermally
treated PIM-1 samples calculated from the argon adsorption
measurements. The apparent BET surface area obtained from
argon sorption is similar to that of nitrogen sorption measure-
ments with the highest value of 620 m2g� 1 for sample 3. The
BET surface area is slightly enhanced as the annealing temper-
ature was increased from 110 °C to 250 °C (from sample 1 to 2
and 3) and reduces for further increase in the temperature and
time (samples 4 and 5). Total pore volume was calculated from
the argon uptake at a relative pressure of 0.99 with the
maximum values of 0.46 and 0.42 cm3g� 1 for samples 3 and 2,
respectively.

The pore size distribution was calculated using the Horvath-
Kawazoe method and is shown in Figure 3C. It suggests that
the pore size distribution could be moved towards smaller
micropores by tuning the temperature and time of the thermal
treatment. Sample 3 shows the smallest micropore size among
all samples. This is in good agreement with the nitrogen
sorption results. The only discrepancy in the argon sorption is
in sample 5 in which the PSD shows a larger proportion of
micropore sizes. Not only is the maximum peak in PSD not as
distinct as in other samples, but it is also shifted to larger pore
sizes centred at 6.3 Å. Similar results are shown in the pore size

Figure 3. (A) Ar adsorption-desorption isotherms of PIM-1 samples; adsorption (filled) and desorption (empty), (B) The low relative pressure region of the
adsorption isotherms, and (C) Horvath-Kawazoe calculation of the pore size distributions (model: slit-pore geometry for carbon), and (D) NLDFT calculation of
pore size distribution (model: slit-pore geometry for carbon).
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distribution calculated by NLDFT which was fitted to the
adsorption branch of the argon isotherms. Figure 3D shows
that sample 5 was comprised mainly of larger micropores
between 6 and 8 Å while the other samples contained ultra-
micropores (pores <7 Å). These results indicate that the
thermal pre-treatment enhanced the microporosity. Although
the standard deviation of the fitted argon isotherms with the
NLDFT model is significantly smaller (1.2 cm3g� 1) than that of
nitrogen isotherms (2.8 cm3g� 1), there are still discrepancies
between the model and the experimental data which neces-
sitated further gas sorption analysis.

2.3.4. CO2 Sorption Measurements

To further study the porosity in the annealed PIM-1 samples,
carbon dioxide adsorption-desorption isotherms of the PIM-1
polymers, (Figure 4A), were measured at 273.15 K and pressures
to 1 bar. The saturation capacity was not reached for any of the
samples within this pressure range. The isotherm patterns
conform to that of typical rigid microporous materials with a
rapid uptake at lower pressures and gradual increase at higher
pressures. The isotherms are fully reversible with a very small
hysteresis. As the pressure was increased, the CO2 uptake
increased linearly, suggesting polymer swelling and
relaxation.[36]

While the maximum values of CO2 uptake for samples 2 and
3 were very similar, 60 cm3g� 1 at 1 bar, this differs significantly
from that of sample 1, which was heated only at 110 °C. Sample
1 absorbed CO2 more slowly at low pressure, and had the

lowest CO2 uptake at 1 bar of 38 cm
3g� 1, in agreement with the

nitrogen and argon sorption results. The data obtained from
the CO2 sorption experiments were evaluated by NLDFT, using
the model for slit-pores in carbon material. The pressure range
of 0.0–0.3 bar used for the evaluation is representative of the
ultramicroporosity in PIM-1 polymers which is the focus of CO2

sorption study. Excellent fits were obtained using the NLDFT
model with the CO2 sorption data (standard deviation
<0.05 cm3g� 1).

The pore size distribution derived from the NLDFT model of
CO2 sorption measurements is shown in Figure 4B. The thermal
treatment has changed the size and volume of the pores.
Comparing Sample 1 (heated at 110 °C only) with the other
samples heated at higher temperatures indicates that the
annealing procedure at low temperature led to a smaller
proportion of ultramicropores in the sample. As a result, a peak
in the pore size distribution centred at 3.5 Å is apparent for
samples 2–5 which is absent in sample 1.

2.3.5. H2 Sorption Measurements

Hydrogen isotherms were measured manometrically for each
sample up to a pressure of 320 bar at ambient and cryogenic
temperatures (298 K and 77 K). Figure 5 shows the excess
hydrogen adsorption-desorption isotherms for the annealed
PIM-1 samples. The excess H2 uptake at ambient temperature
for all PIM-1 samples is shown in Figure 5A. The second
hydrogen adsorption cycle after heating of the sample under
vacuum, resulted in the same starting point for the adsorption

Table 4. Porosity characteristics of thermally treated PIM-1 polymers using argon isotherm.

Sample BET surface areaa

[m2g� 1]
Langmuir surface area
[m2g� 1]

Micropore volumeb

[cm3g� 1]
Micropore volumec

[cm3g� 1]
Total pore volumed

[cm3g� 1]
Median pore
widthe [Å]

1 535 667 0.19 0.054 0.28 6.05
2 601 1160 0.21 0.069 0.42 5.33
3 620 1147 0.25 0.089 0.46 4.82
4 551 676 0.19 0.049 0.40 5.31
5 436 548 0.14 0.056 0.22 6.33

aApparent BET surface area using Ar as the sorbate at 87.3 K. bDetermined from the Ar adsorption isotherm at P/P0 0.03. cDetermined by slit-pore NLDFT
calculation for pores <4.5 Å. dCalculated from the nitrogen uptakes at P/P0�0.99. eCalculated using the Horvath-Kawazoe method.

Figure 4. (A) CO2 adsorption-desorption isotherms of PIM-1 samples at 273.15 K; adsorption (filled) and desorption (empty), and (B) pore size distribution
calculated by NLDFT (model: slit-pore geometry).
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isotherm, indicating the full release of the trapped hydrogen
from the first cycle. From Figure 5A, it can be seen that
prolonging the annealing procedure from 110 °C to 250 °C from
sample 1 to 2, enhanced the hydrogen uptake capacity of PIM-1
up to twofold, from approx. 0.7 wt% to 1.4 wt%. The hydrogen
isotherms show a steep rise in uptake at low pressure and an
almost linear gradual increment in uptake as the pressure was
increased to 100 bar. This isotherm shape can be described by a
model of sorption of gases in glassy polymers, so-called ‘dual
mode sorption’, first suggested by Meares[37] and further
developed by Barrer et al.[38] and Michaels et al..[39] This model
incorporates two sorption mechanisms; one relating to the
filling of microcavities by gas molecules at low pressures based
on the Langmuir model, and the other relating to gas molecules
dissolved in the polymer matrix according to Henry’s law.

As samples 2 and 3 had the highest apparent BET surface
area along with the highest pore volume and the smallest
proportion of micropores, they are expected to show the
highest hydrogen uptake capacity. Sample 2, heated at 110 °C
for 15 hours and 250 °C for 4 hours, has the highest maximum
hydrogen uptake followed by samples 5 and 3, respectively.
Sample 5, despite having a lower apparent BET surface area and
pore volume than sample 3, showed higher hydrogen uptake at
ambient temperature, and similarly at 77 K. Figure 5B shows the
excess hydrogen adsorption isotherm of the PIM-1 samples at
77 K. Figure 5C shows the same isotherm expressed as uptake
vs log (P) to expand the low pressure region. Sample 1 had the
lowest excess hydrogen uptake with a maximum of 2.05 wt% at
90 bar. By comparison, the excess hydrogen uptake for sample
2, annealed at 110 °C for 15 hours and 250 °C for 4 hours, was
nearly double that with a maximum of 3.92 wt% at 90 bar. The

isotherms for samples 2 to 5 show hysteresis with the greatest
hysteresis for sample 5.

The thermally treated PIM-1 samples in this study were
investigated for hydrogen uptake measurement at high
pressure, up to 320 bar, for the first time. While most studies on
PIM-1 have been performed at low pressure, for example 20 bar
at 77 K (Mc. Kewon et al.[8b]), to the authors’ knowledge, the
only relatively high pressure hydrogen uptake measurement on
PIM-1 was performed by Polak-Krasna et al.[18] at 77 K and
170 bar. Table 5 compares the excess hydrogen uptake of PIM-1
samples in this study with that previously reported in the
literature. It can be seen that samples 2, 3, 4 and 5 indicate
comparable excess hydrogen uptake capacities to the synthes-
ised PIM-1 (in powder form) formerly reported[8b,18] at low
pressures (at 77 K and 1 and 10 bar). However, the samples in
the current study had maximum excess hydrogen uptakes at
about 90 bar while Polak-Krasna et al. reported the maximum
hydrogen uptake of 1.66 wt% at 77 K and 32 bar for powdered
PIM-1. The excess hydrogen uptake then decreased in both

Figure 5. Excess H2 adsorption-desorption isotherms of PIM-1 samples; adsorption (filled) and desorption (empty), (A) at ambient temperature (B) at 77 K, and
(C) as for B, but as a function of log (P) to show the low pressure region.

Table 5. The comparison of excess hydrogen uptake capacity of thermally
treated PIM-1 sample with data from the literature.

Conditions
(pressure and
temperature)

Hydrogen uptake in this study
[wt%]

Hydrogen uptake in
the literature [wt%]

1 2 3 4 5 McKeown
et al.[8b]

Polak-
Krasna
et al.[18]

1 bar, 77 K 0.63 1.05 1.08 0.95 1.15 1.04 –
10 bar, 77 K 1.02 1.55 1.7 1.5 1.6 1.45 1.49
90 bar, 77 K 2.02 3.92 3.25 2.86 3.67 – 1.55
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studies as the pressure increased since the gas phase density
increases faster than the adsorbed phase.[40]

As seen from Figure 5C, the samples heated at higher
temperatures and longer times (samples 2–5) show almost
twice the adsorption at low relative pressure compared to that
of sample 1.

2.3.6. Heat of Adsorption

The enthalpy of adsorption (ΔH) of hydrogen is a measure of
the affinity of the H2 molecule to the adsorbent surface and this
defines the energy needed to release the H2 molecules upon
desorption.[36,41][42] The heat of adsorption was calculated for
PIM-1 samples from hydrogen adsorption data collected at 77 K
and 298 K from the van't Hoff equation (1):[36]

ð1Þ

where R is the ideal gas constant, P1 and P2 are the pressures at
the temperatures of T1 and T2, respectively, which were
obtained at the same amount of hydrogen gas adsorbed,
namely 0.001 mol. ΔH values were obtained from the gradient

of versus and are shown in Table 6. These are in

agreement with values reported for porous organic polymers
such as polyimide networks (5.3–7.0 kJmol� 1),[43] porous poly-
mers networks (PPNs) (5.5–7.6 kJmol� 1),[3c] covalent organic
frameworks (COFs) (6.0–7.0 kJmol� 1)[44] and benzimidazole-
linked polymer (5.8–7.9 kJmol� 1).[45] Few studies have inves-
tigated the heat of adsorption for PIM-1. Tedds[46] reported the
isosteric enthalpy of PIM-1 powder in the range of 9–13 kJmol� 1

at zero coverage. These relatively high values, however,
decreased to 6.5–6.7 kJmol� 1 as the absolute hydrogen uptake
increased to 0.8 wt%. A recent report on the enthalpy of
adsorption for PIM-1 by Holyfield[47] reported 9.5 kJmol� 1 at
0.2 wt% hydrogen adsorption which reduced to 7.9 kJmol� 1 at
2.0 wt% hydrogen uptake. The calculated heat of adsorption
values are dependent on the model used to fit the hydrogen
uptake data as well as the temperature and pressure range
employed.[41] As Tedds and Holyfield both utilised the same
model (Clausius-Clapeyron equation), the obtained results are
similar. However, the Clausius-Clapeyron equation is less
accurate at higher hydrogen uptakes and thus leads to

uncertainty in the calculated enthalpy of adsorption,[47] making
comparisons difficult.

From Table 6, it can be seen that higher heats of adsorption
were obtained for samples annealed at temperatures higher
than 110 °C, corresponding to higher hydrogen uptake capaci-
ties found for these samples. This result, along with the low-
pressure hydrogen uptake capacities (Figure 5C), supports the
effect of higher enthalpies of adsorption contributing to greater
uptake at lower pressures,[47] as for samples 2–5 compared to
sample 1.

3. Discussion

The presence of both micropores (pore diameter <2 nm) and
mesopores (2–50 nm) in porous materials can improve the gas
adsorption properties including capacity and kinetics.[48] This
can be explained by the filling of micropores, at low relative
pressure, requiring high vacuum and effective degassing to
prepare the sample.[8a] The results obtained from pore charac-
terisation of the synthesised PIM-1 samples in this work,
indicated that thermal treatment under high vacuum improved
the ultramicroporosity, and resulted in enhanced hydrogen
adsorption capacity. The low-temperature degassing aided the
removal of physically adsorbed molecules on the polymer, such
as water or solvent; either residue from the synthesis procedure
or adsorbed from the environment after synthesis.

4. Summary and Conclusions

Five different heat treatments were applied to synthesised PIM-
1 polymer, changing the porosity and hydrogen uptake
capacity of the samples. Samples were heated initially at 110 °C
for either 15 h or 24 h, followed by a high temperature
annealing. The pore size distributions calculated using both the
HK method and NLDFT model indicated a shift to smaller
average pore diameters, enhancing the microporosity of the
samples. The annealed PIM-1 samples showed ultramicroporos-
ity with pore sizes as small as 3.5 Å from pore size distributions
calculated by NLDFT from carbon dioxide sorption measure-
ments. Similar results were obtained from nitrogen and argon
sorption measurements, but since the kinetic diameters of these
probe molecules are larger, the smallest pore size detected was
4–5 Å. The best fit of the NLDFT model with the experimental
data was achieved for carbon dioxide sorption isotherms,
suggesting these may be more reliable. Sample 1, annealed
only at the lower temperature (110 °C), demonstrated the
lowest surface area, pore size and hydrogen uptake. The surface
properties obtained from nitrogen and argon sorption measure-
ments were in agreement with each other, suggesting the
credibility of the results.

The hydrogen uptake capacities of 5 PIM-1 samples were
measured in a high accuracy sorption instrument[23] at pressures
up to 320 bar for the first time, at both ambient and cryogenic
temperatures, and demonstrated significant enhancement in
hydrogen adsorption compared to that reported in the

Table 6. Heat of adsorption values for PIM-1 samples calculated from the
isotherms at 77 K and 298 K using Eqn 1 (for an uptake of 0.001 mole H2).

Sample Thermal treatment ΔH [kJmol� 1]

1 PIM-1-110-15 h 2.9
2 PIM-1-110-15 h–250-4 h 6.7
3 PIM-1-110-24 h–250-4 h 6.2
4 PIM-1-110-15 h–250-24 h 5.6
5 PIM-1-110-15 h–350-4 h 5.4
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literature. The highest excess hydrogen uptake, approximately
double (1.4 wt% and 3.92 wt%) that of sample 1 (0.7 wt% and
2.02 wt%), both at ambient and cryogenic temperature,
respectively, was for sample 2, annealed for 15 hours at 110 °C
followed by 4 hours at 250 °C. This sample also had the highest
enthalpy of adsorption at 6.74 kJmol� 1. The increase in heat of
adsorption is proportional to the hydrogen uptake in the
samples, with the highest for sample 2 which also indicated the
highest hydrogen adsorption, decreasing for samples 3 to 5 and
finally sample 1 showing the lowest hydrogen uptake. Sample
3, annealed for 24 hours at 110 °C followed by 4 hours at 250 °C
gave very similar results to sample 2, suggesting the extra time
at 110 °C was not required. Increasing the time of the second
annealing (sample 4) or the temperature of the second
annealing (sample 5) caused a small degradation of surface
properties and consequently hydrogen uptake, again suggest-
ing that 4 h at 250 °C was sufficient annealing to provide
enhanced hydrogen uptake. The hysteresis observed between
the absorption and desorption isotherms is attributed to
hydrogen molecules retained in the polymer which were
completely removed when the sample was evacuated at
ambient temperature.
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CHAPTER VII 

Hydrogen Uptake Properties of a Nanoporous PIM-1-

Polyaniline Nanocomposite Polymer 

7.1 Introduction 

The overarching aim of this project was to enhance the hydrogen uptake of polymers of 

intrinsic microporosity by undertaking various approaches to modification of the 

polymers, with a focus on porosity modification. In the previous chapters, two 

approaches were applied to functionalise PIMs; metalation of a HATN-PIM polymer 

using palladium ions, and thermal treatment of PIM-1. The modification through 

metalation improved the excess hydrogen uptake by 2.17 wt% at 700 bar and at ambient 

temperature, and the survey of annealing under high vacuum at different temperatures 

and times showed the maximum excess hydrogen uptake of 1.4 wt% (at 316 bar and 

298 K) and 3.92 wt% (at 90 bar and 77 K) for PIM-1 sample annealed at 110 °C for 15 

hours and at 250 °C for 4 hours. Both of these techniques improved the maximum 

hydrogen capacity over the corresponding unmodified polymer.  

In this chapter, the third and last technique to modify a polymer for improved hydrogen 

uptake is discussed. In this work, a polymer of intrinsic microporosity (PIM-1) was 

modified by the addition of polyaniline polymer (PANi), producing a nanocomposite 

polymer with enhanced microporosity. 

Polyaniline (PANi) is a conductive polymer with favourable electronic, thermal, and 

chemical properties [1] that enable applications in hydrogen sensors [2] and electrodes 

for supercapacitors [3, 4] among others. It has also been investigated for hydrogen 

storage applications; however, different hydrogen uptake capacities have been reported 

for PANi with various morphologies as described later. The other starting material, 
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PIM-1, is a well-studied polymer of intrinsic microporosity, easily synthesised, and with 

a high porosity. The initial idea was that a nanocomposite polymer of PIM-1 and PANi 

might constructively combine the properties of each of the component polymers, 

benefiting from the high microporosity of PIM-1 as well as active sites for hydrogen 

adsorption contributed by the functional groups of PANi. In addition, the use of the 

electron-rich PANi as an additive polymer to PIM-1 might enhance the physical 

intermolecular interactions between these two polymers, developing the micropore 

structure and resulting in higher hydrogen uptake.  

This chapter is a draft of an experimental paper to be submitted to the International 

Journal of Hydrogen Energy, and reports on the incorporation of electron-donating 

PANi polymer into porous PIM-1. The porosity properties of the resultant PIM-1-PANi 

nanocomposite are characterised and discussed along with the results of the high-

pressure hydrogen adsorption measurements. The hydrogen sorption measurements of 

the parent polymers with a high accuracy Sieverts apparatus at both cryogenic and 

ambient temperature and up to 320 bar add insight into the controversial hydrogen 

uptake values that have been reported in the literature for PANi. The hydrogen uptake 

measurements of the prepared nanocomposite, PIM-1-PANi, have been determined for 

the first time in this study. The pore size distribution of the composite polymer was 

significantly different to its parent polymers, being shifted towards the ultramicropores 

and the maximum hydrogen uptake was substantially higher – 2.3 wt% at 316 bar and 

ambient temperature, and 6.5 wt% at 105 bar and 77 K. This result is higher than any 

previously reported hydrogen uptake for any PANi-derived polymer. 
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Hydrogen uptake properties of a nanoporous PIM-1-polyaniline 
nanocomposite polymer  

Donya Ramimoghadam,
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Webb*
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The hydrogen storage behaviour of a PIM-1-polyaniline nanocomposite was studied for the first time at both ambient and 

cryogenic temperature. The porosity of the polymers was investigated using nitrogen sorption measurements. A high BET 

surface area of 875 m2g–1 was obtained for the synthesised PIM-1. Though the BET surface area decreased upon doping 

the PIM-1 with PANi, the mean micropore size decreased and micropore volume increased. Maximum excess hydrogen 

uptake capacities of 2.3±0.5 wt% (298 K and 316 bar) and 6.5±0.3 wt% (77K and 110 bar) were demonstrated. These 

results are a significant improvement over the hydrogen uptake of either of the constituent polymers, and this has been 

attributed to a combination of the active sites present in polyaniline and the microporous nature of PIM-1.

Introduction 

Environmental problems attributed to carbon dioxide 

emissions from fossil fuel use, and the increasing worldwide 

energy demand, along with decreasing costs for wind and solar 

generation, have promoted the use of renewable sources of 

energy and highlighted the need for low or non-polluting 

energy vectors such as hydrogen 
1
. Unlike fossil fuels, 

hydrogen is abundant on the earth regardless of geographical 

or political boundaries, and possesses higher energy density 

than gasoline 
2
. Hydrogen can be produced by water splitting 

techniques using non-carbon energy resources including 

electrolysis from photovoltaic cells, thermochemical cycles 

operating at temperatures above 3000 °C, and photon 

absorption 
3
. Conversion back to electricity using a fuel cell can 

be performed at low production times such as night-time or 

low wind situations, or when demand outstrips supply. 

However, the main obstacle to practical implementation and 

wide-scale use of hydrogen as a vector is storage 
2
. 

Conventional mechanical storage techniques, compressed 

hydrogen gas (up to 700 bar in commercial fuel cell vehicles) 

and liquid hydrogen (which must be maintained below 20 K), 

require challenging conditions and suffer from poor overall 

energy efficiency. 

Solid-state hydrogen storage has the potential to store 

hydrogen close to ambient temperatures and pressures. 

Physisorption, where molecular hydrogen adsorbs to the 

surface and pores of material via van der Waals forces 
2
, has 

advantages of reversibility, fast kinetics and easy desorption of 

the hydrogen 
2, 4

. However, the weak adsorption forces 

necessitate low or cryogenic temperatures to achieve 

sufficient capacity.  

Nanoporous polymers are physisorptive adsorbent materials 

with the advantage of light elements, diverse synthetic 

methods, a large variety of post-synthesis modifications, air 

insensitivity, and high chemical and thermal stability 
5
. Among 

these polymers, the novel polymers of intrinsic microporosity 

(PIMs) have attracted attention for hydrogen storage 

applications. The microporosity is intrinsic in these types of 

polymers due to the contortion sites and rigidity of the 

molecular chains 
6, 7

. PIMs have been studied for hydrogen 

storage 
8-11

, and various approaches have been developed to 

increase the hydrogen storage capacity by enhancing the 

accessible surface area while maintaining the microporous 

structure 
9
. Incorporation of materials possessing active sites is 

one of the approaches to enhance the intermolecular 

interaction with hydrogen
12

. Of these, PIM-1 has been studied 

extensively, with moderate hydrogen uptake 
13

. 

Polyaniline (PANi) is a conductive polymer with interesting 

physicochemical properties and various applications including 

sensors 
14, 15

, electrodes 
16, 17

, and supercapacitors 
18, 19

. 

Polyaniline has been also investigated for hydrogen storage 

applications. Although the first claim of a hydrogen storage 

capacity of 6-8 wt% for non-porous PANi 
20

 could not be 

reproduced later 
21

, a problem plaguing hydrogen uptake 

measurements on light materials 
22

, it led to more extensive 

studies of different morphologies of PANi. Svec et al. 
23

 

investigated the hydrogen sorption of hyper-crosslinked PANi 

and found uptakes of 2.2 wt% and 1.5 wt% at 77 K and 30 bar 

for diiodomethane and paraformaldehyde cross-linkers, 

respectively. This group also reported that undoped PANi 

exhibited higher hydrogen adsorption capacity, (0.8 wt%) than 

HCl-doped PANi, (0.3 wt%) at 77 k and 30 bar. PANi 
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nanocomposites have also been prepared and studied by 

hydrogen adsorption measurements with different added 

materials such as multiwall carbon nanotubes and tin oxide 

(0.35 wt% at 398 °C and 70 bar), vanadium oxide (1.8 wt% at 

77 K and 70 bar) 
24

 and polypropylene 
25

.  

Adding a filler material into a polymer matrix to form a 

composite material is a modification technique that has been 

used to increase gas adsorption or gas separation properties. 

The filler can be an organic material such as another polymer 
25

  or an inorganic such as zeolite 
26

. Using a filler with specific 

or complementary properties can enhance the properties of 

the composite while retaining the benefits of the base 

polymer. 

Polyaniline emeraldine base (PANi EB), a simple and 

inexpensive polymer, is a suitable matrix material with a 

tuneable pore size and composition for the synthesis of 

nanocomposite materials.  

In this study, PIM-1-PANi nanocomposites were prepared and 

their hydrogen storage capacity investigated, with the aim of 

enhancing hydrogen adsorption due to the presence of active 

sites in PANi while maintaining the microporosity in the PIM-1. 

The PIM-1-PANi composite was also heat-treated to 

investigate the effect of annealing on the properties of the 

polymer 
27

. In order to compare the nanocomposites, and 

because of the controversy surrounding the hydrogen storage 

capacity of PANi, hydrogen sorption measurements on pure 

PANi, at both ambient and cryogenic temperature in a broad 

range of pressures up to 320 bar, were undertaken, as well as 

on the prepared nanocomposites. 

Experimental 

Materials 

The polymer precursor chemicals used in this study were 

5,5`,6,6`-tetrahydroxy-3,3,3`,3`- tetramethyl-1,1`-

spirobisindane (TTSBI), 2,3,5,6-tetrafluoroterephthalonitrile 

(TFTPN), polyaniline (emeraldine base), and anhydrous 

potassium carbonate which were purchased from Sigma-

Aldrich. These precursors were maintained in an inert Ar 

environment prior to use. The solvent used was anhydrous 

dimethylformamide (DMF), also from Sigma-Aldrich. 

 

Preparation of PIM-1 

PIM-1 (Scheme 1) was synthesised as per our previous work 
28

, 

based on the method of Budd et al. 
29

 by reaction of 

commercially available TTSBI (Scheme 1A) and TFTPN (Scheme 

1B) in the presence of dried K2CO3 and anhydrous 

dimethylformamide (DMF). 

 

 

Preparation of PIM-1-PANi nanocomposite 

To prepare the nanocomposite PIM-1-PANi polymer, 

commercial polyaniline in its emeraldine base (EB) form was 

added to the synthesised PIM-1 polymer in the ratio 10 % wt. 

/wt. under argon. The mixture was then ball-milled for 2 hours 

in a PQ-N04 planetary ball miller (Across International) in a 

zirconia vial with 6 zirconia balls, also under Ar. The mixed 

powder was collected and pellets of the same weight (0.1 g) 

were prepared using a hydraulic press (Enerpac, Wisconsin, 

US) under 9-tonne pressure suitable for organic compounds. 

Because of the possibility of thermal cross-linking between the 

two component polymers occurring with heat treatment, 

some pellets were then annealed at 200 °C for 4 hours under 

vacuum to compare with the as-prepared materials. 
 

Materials characterisation 

Gel permeation chromatography (GPC) was carried out using a 

Waters 1515 Isocratic HPLC Pump, 2414 Refractive Index 

Detector and 2489 UV/Visible Detector (MA, USA). Fourier 

transform infrared spectra were obtained in the range of 400-

4000 cm
–1

 using a Perkin Elmer Spectrum Two FTIR 

Spectrometer. Thermogravimetric analyses were performed 

using a NETZSCH STA 449 F3 Jupiter, Germany at temperature 

from 25 to 1000 °C under nitrogen atmosphere with a flow 

rate of 50 ml/min. Nitrogen sorption measurements were 

conducted on a Micromeritics 3Flex (Norcross, GA) at 77 K, 

with an equilibration interval of 45 seconds for all relative 

pressures. MicroActive data analysis software was used to fit 

the non-local density functional theory (NLDFT) model (slit-

pore geometry) to gas sorption isotherms. SEM imaging was 

performed on sputtered platinum-coated samples using a JEOL 

FE-SEM: JSM 7100, USA. He pycnometry was carried out with a 

Hiden Isochema HTP-1 gas analyser to determine the sample 

densities. The solution-processability of the composite 

polymer was verified with successful dissolution in both DMF 

and dimethylacetamide (DMAC). 

 

Hydrogen sorption measurements 

Hydrogen adsorption-desorption isotherms were made using a 

custom built, computer-controlled high-pressure Sieverts 

apparatus, specifically designed for low-density porous 

materials with uncertain or difficult to define volume 
30

. The 

hydrogen uptake measurements were performed up to 320 

bar at both 77 K and 298 K. Prior to the hydrogen sorption 

measurements, samples were outgassed at 110 °C for 24 

hours, followed by helium pycnometry to measure the skeletal 

density of the samples. 

Results and Discussion 

Gel permeation chromatography (GPC) 

Scheme 1 The synthesis of PIM-1. (A) 5,5`,6,6`-tetrahydroxy-3,3,3`,3`- tetramethyl-

1,1`-spirobisindane (TTSBI), (B) 2,3,5,6-tetrafluorophthalonitrile (TFTPN) and (C) 

PIM-1. The conditions (i) are K2CO3, DMF, 65 °C, 72 h (redrawn from [32]).
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Gel permeation chromatography was used to determine the 

average molecular weight (Mw), average molecular number 

(Mn), and polydispersity (PDI) of the synthesised PIM-1. The 

GPC characterisation was performed in tetrahydrofuran (THF) 

against polystyrene standards. The obtained results were 

Mw=280,000 gmol
–1

, Mn=143,000 gmol
–1

 and polydispersity 

(PDI) of 1.96 which is within the range reported in the 

literature 
10, 29, 31, 32

. 

FTIR analysis 

The chemical structures of the synthesised PIM-1, PANi, and 

the PIM-1-PANi composites were confirmed by Fourier-

transform infrared spectroscopy (FTIR) analysis. Figure 1 shows 

the FTIR spectra of PANi, PIM-1, PIM-1-PANi and PIM-1-PANi 

annealed at 200 °C for 4 hours. The characteristic bands 

corresponding to PIM-1 can be seen at 2950, 2930 and 2840 

cm
–1

 representing C–H stretching and 2239 cm
–1

 representing 

nitrile groups 
33-35

. The band at 1610 cm
–1

 represents C=C 

aromatic bending and those at 1400–1000 cm
–1

 are assigned 

to C–O stretching 
34, 36, 37

. These bands can clearly be observed 

in the PIM-1-PANi composite and the annealed composite 

samples indicating the presence of PIM-1. Moreover, the 

bands characteristic of PANi polymer at 3370, 3200 and 3031 

cm
–1

 corresponding to N-H stretching 
33

 are also observable for 

the PIM-1-PANi composites. Additionally, bands at 1585, 1494 

cm
–1

 and 1378 cm
–1

 in the composite polymers correspond to 

C=C and C-N stretching [19], respectively. 

 

N2 sorption measurements 

N2 adsorption-desorption measurements were performed to 

study the porosity properties of polymers and to investigate 

the architectural rigidity of the PIM-1-PANi composite. Figure 

2A shows a nitrogen adsorption isotherm at 77 K for the 

component polymers, PIM-1 and PANi, and the two PIM-1-

PANi composite polymers, as-prepared and heat-treated. 

Figure 2A indicates that the isotherm for PANi is type IV, 

according to the IUPAC classification 
38

, representing 

mesoporosity, while the PIM-1 polymer isotherm is a 

combination of type I and type IV, revealing both a 

microporous and mesoporous nature. Interestingly, the shape 

of the nitrogen isotherm for the PIM-1-PANi polymer 

composite is also both type I and type IV, although the volume 

Figure 2. (A) N2 adsorption-desorption isotherms for PANi, PIM-1 and PIM-1-PANi 

polymers adsorption (filled symbols) and desorption (empty symbols), (B) pore 

size distributions calculated by the Horvath–Kawazoe method (model: slit-pore 

geometry), and (C) pore size distributions calculated by NLDFT (model: slit-pore 

geometry for carbon). 

Figure 1. FTIR spectra of PANi, PIM-1, and PIM-1-PANi polymers from 400-4000 cm–1 
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adsorption is not as high as PIM-1. The heat-treated PIM-1-

PANi isotherm (Figure 2A symbol: green triangle) is similar, but 

with slightly lower nitrogen adsorption than the untreated 

PIM-1-PANi. 

The pore size distribution of the four polymers was studied 

using two models, the Haworth-Kawazoe (HK) method and 

non-local density functional theory (NLDFT), and the results 

are shown in Figure 2B and 2C, respectively. The results from 

both models indicate that PANi polymer has the lowest 

microporosity (pores < 2 nm) and the PIM-1 polymer has a 

narrow peak in the pore-size distribution at 5.2 Å. However, 

while the HK model shows the pore volumes for the all 

polymers decline towards zero as the pore size approaches 2 

nm, the NLDFT method indicates that PIM-1 and the 

composite polymers still have significant pore volume at this 

pore size. This suggests the presence of mesoporosity as 

indicated by the N2 isotherms. Both calculation theories 

suggest that the average micropore size of the PIM-1-PANi 

composites decreased compared to the PIM-1 polymer, 

however, the micropore volumes are lower than that of PIM-1. 

Table 1 shows the detailed porosity characteristics of the PIM-

1, PANi, and PIM-1-PANi polymers. The median pore widths 

using the HK method of the composite PIM-1-PANi polymer 

and annealed composite polymer are almost identical at 5.2 

and 5.4 Å, which is a significant decrease from both PANi and 

PIM-1 at 8.1 Å and 7.4 Å, respectively. The total pore volume 

also decreased to 0.53 cm
3
g

–1
 and 0.65 cm

3
g

–1
 for PIM-1-PANi 

nanocomposite polymers, cf. 0.95 cm
3
g

–1 
for PIM-1. 

Furthermore, the results from the HK method and NLDFT 

calculations show that the micropore volume of the annealed 

composite sample is larger than the as-prepared PIM-1-PANi 

composite. Hence, the nitrogen gas sorption results suggest 

that the ultra-microporosity (pores < 7.5 Å) in both the PIM-1-

PANi polymer and its heat-treated counterpart has been 

enhanced. 

 

Table1 Porosity characteristics of PIM-1, PANi and PIM-1-PANi 

polymers from nitrogen isotherm 

Sample 

BET surface 

area 
a
 

(m
2
g

−1
) 

Langmuir 

surface area   

(m
2
g

−1
) 

Micropore 

volume 
b 

(cm
3
g

−1
) 

Micropore 

volume 
c 

(cm
3
g

−1
) 

Total pore 

volume 
d
 

(cm
3
g

−1
) 

Median pore 

width 
e 

(Å) 

PIM-1 875 - 0.40 0.0064 0.95 7.4 

PANi 40 175 0.02 - 0.19 8.1 

PIM-1-PANi 665 1320 0.31 0.0018 0.53 5.2 

PIM-1-PANi- 

200 °C, 4 hrs 
520 955 0.36 0.0061 0.65 5.4 

a
 Apparent BET surface area using N2 as the sorbate at 77.3 K, 

b
 from the N2 isotherms at P/P0= 0.25, 

c
 NLDFT slit-pore calculation 

for pores < 5.3Å (5.16 Å for PIM-1-PANi), 
d
 calculated from nitrogen adsorption at a relative pressure of 0.99, 

e
 calculated using 

the Horvath-Kawazoe method. 

 

The apparent BET surface area in the PIM-1 polymer, 875 

m
2
g

−1
, has decreased to 665 m

2
g

−1
 in as-prepared PIM-1-PANi 

composite polymer and further to 520 m
2
g

−1 
for the heat-

treated composite polymer. According to the rule of mixtures, 

the property of a composite is a weighted mean of the 

properties of its individual components 
11

. Therefore, the 

surface area of PIM-1-PANi nanocomposite, SA(PIM-1-PANi), 

could be calculated based on the surface area (SA) and weight 

fractions (w) of each parent polymer, PIM-1 and PANi:  

 

SA(PIM-1-PANi)=w(PIM-1)×SA(PIM-1)+w(PANi)×SA(PANi) 

 

Where w(PIM-1) and w(PANi) are the weight fractions of each 

polymer used in the final nanocomposite. The experimental 

surface area value, 665 m
2
g

−1
, is slightly lower than that 

predicted using the rule of mixtures, 788 m
2
g

−1
. This could be 

due to a partial pore filling effect caused by the addition of 

amine active sites in PANi polymer within the PIM-1-PANi 

network, since similar reductions in nitrogen uptake by PIMs 

have been previously reported when various moieties and 

longer alkyl chains were used to modify the PIM-1 
8, 39

.  

 
Thermogravimetric analysis 

The thermal stabilities of the PANi, PIM-1 and PIM-1-PANi 

polymers were analysed using TGA (Figure 3). A weight loss of 

3.3 % over the temperature range of 100 to 350 °C was 

observed for the PIM-1-PANi composite, which is half the 

magnitude of that for PIM-1 (6.6 %). This mass loss may be due 

to the loss of adsorbed water, suggesting that there is much 

less water adsorbed onto the composite polymer than PIM-1. 

However, the weight loss of 6.6 % in PIM-1 might be due in 

part to the onset of degradation of PIM-1 at 350 °C as reported 

by Polak-Kraśna et al. 
10

, or at temperatures >350 °C, as 

suggested by Budd et al. 
29

, demonstrating a higher stability of 

the PIM-1-PANi nanocomposite. The PIM-1-PANi annealed at 

200 °C for 4 hours showed even less weight loss within this 

temperature range, 1.6 %, a reduction which may be due to 

unmeasured water loss during annealing. From Figure 3, the 

decomposition onset temperature for PIM-1 is about 350 °C 
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compared to 425 °C for the PIM-1-PANi composites, indicating 

higher thermal stability for the composites. This stability is 

even higher for the annealed nanocomposite, with a weight 

loss of 18 % cf. 22 % for PIM-1-PANi polymer at approximately 

450 °C. As can be seen from Figure 3, the thermal stabilities of 

the two PIM-1-PANi polymer composites below 600 °C are 

similar to that of the pure PANi polymer, and these are all 

more stable than PIM-1. 

 
SEM and NMR characterisation 
13

C NMR was performed on the two constituent polymers as 

well as the composite non-annealed polymer and the results 

are given in the supplementary information. Assignments for 

the two pure polymers (Figure S2 (a) and (b)) were consistent 

with literature values.
40-44

 Identification of PANi resonances 

(the minor component) within the mixed material (Figure 

S2(c)) was hampered as most PANi resonance regions were 

coincident with/obscured by PIM-1 resonances and/or their 

associated spinning side bands. Only a single PANi resonance is 

clearly discernible in the spectrum of the mixed material. 

However, no resonances were observable in the spectrum of 

the mixed material that were inconsistent with a mixture of 

the component polymers. 

SEM images are shown in Figure 4 demonstrating very 

different morphologies for the PANi, PIM-1 and PIM-1-PANi 

composite polymers. Figure 4A shows the surface of the PIM-1 

polymer, which is composed of microspheres ~100 nm, with 

star-shaped columns to 500 nm. Small voids of about 100 nm 

are visible. The PANi polymer is shown in Figure 4B and 

consists of small fibres approximately 50 nm in diameter and 

several hundred nm long. The composite polymer in Figure 4C 

has a different morphology than either of the two constituent 

polymers with broad plates of micron size and large voids. The 

general appearance is of a uniform consistency, with no 

obvious domains of either starting material, suggesting the 

ball-milling process has combined the two polymers 

effectively. 
 

H2 sorption measurements 

To determine the hydrogen storage capacity of the synthesised 

polymers, hydrogen sorption measurements were performed 

on the PANi, PIM-1 and PIM-1-PANi polymer composites, using 

Figure 4. SEM images for (A) PIM-1; (B) PANi and (C) PIM-1-PANi composite 

polymers.

Figure 3. Thermogravimetric analyses of PANi, PIM-1 and PIM-1-PANi polymers in 

the range 25-1000 °C under nitrogen atmosphere.
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a custom-built computer-controlled Sieverts apparatus 
30

. 

Figures 5A and 5B show the excess hydrogen adsorption-

desorption isotherms for samples up to 320 bar of hydrogen 

pressure, at ambient and cryogenic temperatures, 

respectively.  

In Figure 5A, the ambient temperature hydrogen isotherms 

show a sharp initial rise at very low pressure, indicative of 

microporosity
38

 and linear increase of hydrogen uptake with 

increasing pressure, suggesting that the material is still 

adsorbing even at 300 bar. Both of the constituent polymers, 

PANi and PIM1 adsorbed a maximum of about 1.5 wt% at the 

maximum pressure used (316 bar), while the composite PANi-

doped PIM-1 achieved 2.3±0.5 wt% – where the uncertainty in 

the uptake has been calculated using the method described in 

45
. Annealing the PIM-1-PANi nanocomposite at 200 °C for 4 

hours slightly decreased the hydrogen uptake capacity, in line 

with the reduced BET surface area from the N2 isotherms. All 

of the materials exhibited hysteresis in the hydrogen isotherm. 

To the authors’ knowledge, high-pressure hydrogen sorption 

measurements to 300 bar have not been performed on PANi 

polymer or its derivatives previously. 

The hydrogen adsorption literature for polyaniline is 

inconsistent. Initial results for H2 uptake in HCl-doped PANi 

suggested a high capacity of 6-8 wt% at ambient temperature 
20

, however, this was refuted by Panella et al 
21

 who found no 

hydrogen adsorption to 98 bar at either 298 K or 77 K for this 

material. Early measurements of hydrogen uptake in new 

porous materials have a history of high uptake reports which 

have subsequently been found to be incorrect
22

. The causes of 

errors can be numerous, but often relate to the use of too 

small a sample for the instrument, or the difficulty of 

determining the volume of the sample – especially for low 

density and porous samples 
46, 47

. An additional problem for 

polymers is the synthesis process as well as post-synthesis 

modifications, where different reaction routes, temperatures 

and the variety of solvents used affect the morphology of the 

polymer and cause significant differences in the measured 

uptake. The different forms of PANi previously investigated 

include HCl-doped PANi
25

, metal oxide doped polyaniline
24

, 

and hypercrosslinked PANi
23

. The work presented here was 

performed on a custom Sieverts apparatus designed 

specifically for accurate measurements on low density porous 

materials 
30

.  

The improvement in hydrogen uptake by the composite 

polymer over the constituents can be also observed in the low 

temperature (77 K) isotherms (Figure 5B). For all polymers, the 

higher uptake due to the reduced thermal energy produces 

excess isotherms which turn over 
46, 48-50

. This occurs when the 

density of the gas phase is increasing more rapidly than 

adsorption on the material. The hydrogen uptake capacity in 

the PIM-1-PANi nanocomposite is significantly enhanced in 

comparison to its parent polymers, PIM-1 and PANi. However, 

the PANi and PIM-1 adsorb hydrogen quite differently. PIM-1 

shows a higher hydrogen uptake with a sharp rise at low 

pressures compared to PANi, possibly due to adsorption in 

micropores which are absent in the PANi polymer (as indicated 

by the N2 sorption measurements). In contrast, as the pressure 

increases past 60 bar, PANi has a higher hydrogen adsorption 

which may be attributed to the presence of mesopores. Similar 

to the results from the ambient temperature hydrogen 

sorption, PANi shows greater hysteresis. The hydrogen uptake 

capacities of PANi at 77 K are 0.38 wt% at 1.2 bar and 1.5 wt% 

at 30 bar, in good agreement with that of nanoporous PANi 

doped with HCl and hyper-crosslinked with a 

paraformaldehyde cross-linker, as reported by Germain et al. 

(0.3 wt% at 1.2 bar and 1.5 wt% at 30 bar) 
23

. 

Figure 5B shows that the hydrogen uptake of the PIM-1-PANi 

nanocomposite is nearly double that of PANi, with a maximum 

at about 110 bar. The maximum excess hydrogen uptake 

capacity obtained for PIM-1-PANi polymer is 6.5±0.3 wt% at 77 

Figure 5. H2 adsorption-desorption isotherms for PANi, PIM-1 and PIM-1-

PANi polymers at (A) ambient temperature; (B) 77 K; adsorption (filled) and 

desorption (empty) and (C) net adsorption isotherm for the PIM1-PANi 

composite polymer.
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K and 105 bar which is higher than any PANi-based material 

reported in the literature 
51-53

.  

The extra hydrogen storage capacity over that of an empty 

tank with hydrogen gas at the same pressure, is shown in the 

net isotherm in Figure 5C. Positive values indicate more 

hydrogen adsorbed by the material than would be in the gas 

filling the volume occupied by the sample – ie the net 

advantage. This demonstrates that at a pressure of ~80 bar, 

the adsorbent material offers a significant advantage over just 

compressed hydrogen. By approximately 170 bar, this 

advantage is lost as the increasing gas density provides as 

much additional hydrogen in the volume occupied by the 

polymer as is adsorbed on to the material.   

Conclusions 

A high surface area polymer of intrinsic microporosity, PIM-1, 

and a nanocomposite polymer of PIM-1 and polyaniline were 

prepared. The addition of PANi to PIM-1 changed the pore size 

distribution suggesting that, with further study, this could be 

used to tailor the adsorption of hydrogen gas. The addition of 

PANi primarily caused a physical rather than a chemical 

interaction between the polyaniline and PIM-1, as evidenced 

by the FTIR results. The hydrogen uptake measurements 

showed a considerable enhancement in the hydrogen uptake 

capacities of the PIM-1-PANi nanocomposites at both ambient 

and cryogenic temperatures. The maximum excess uptake for 

the nanocomposite PIM-1-PANi non-annealed polymer was 6.5 

wt% at 77 K and 105 bar – considerably more than the pure 

PIM-1 or PANi polymers. This may be a result of the 

combination of hydrogen adsorption sites from the PANi 

polymer (amine functional group) and the high microporosity 

of the PIM-1 parent. However, follow-up theoretical studies 

and modelling are necessary to determine the enhancement 

mechanism. The significant increase in hydrogen adsorption in 

the range of delivery pressures (30-80 bar) 
54

 may enhance the 

usable capacity 
49, 55

 of the PIM-1-PANi nanocomposite and 

thus make it more suitable for hydrogen storage. 
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CHAPTER VIII 

Conclusions and Future Work 

8.1 Summary 

The main focus of this project was to study the novel polymers of intrinsic 

microporosity (PIMs) as possible hydrogen storage materials. PIM polymers were 

synthesised, and three different approaches were taken to modify the synthesised 

polymers in order to improve the hydrogen uptake properties.  

An intrinsically microporous network PIM, hexaazatrinaphthylene-PIM, was first 

synthesised. This synthesis was complex, as it also required prior synthesis of the initial 

monomer, (HAT(Cl)6). Multiple purification procedures were necessary after synthesis, 

as traces of a by-product/salt were found as well as the tendency of the HATN polymer 

to adsorb water molecules. The synthesised network PIM was then post-modified using 

palladium ions, a procedure that also entailed multiple purification procedures to 

remove residual solvent as well as impurities such as salts.  

The second polymer synthesised was the soluble microporous PIM-1, and samples of 

this polymer were modified by thermal treatment at 110 °C, 250 °C and 350 °C for 

different times under high vacuum. The low-temperature heat treatment was expected to 

aid the removal of physically adsorbed molecules on the polymer, including adsorbed 

water and/or residual solvent, but it was also possible that rearrangements of the 

polymer structure could occur, increasing the void volume, in turn providing greater 

surface area or pore volume.  

In the last study, PIM-1 polymer was again synthesised in a powder form and used to 

prepare a PIM-1-polyaniline nanocomposite with a ratio of 90:10 wt/wt% PIM-1 to 

PANi. This modification technique aimed to incorporate an electron-donating polymer 
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with a microporous polymer in order to combine the favourable properties of each 

parent polymer as well as possibly benefit from the intermolecular interaction between 

them. 

In this project, a number of characterisation techniques were used to confirm the 

synthesis and modification of PIM polymers. The elemental composition of the 

synthesised HATN polymer and its metallated derivative were confirmed by CHN 

elemental microanalysis and LA-ICP-MS. It was found that the carbon content for 

HATN-PIM was lower than expected due to the difficulty in combustion of the ladder 

polymers and the presence of potassium and chlorine. The surface area of 772 m
2
g
–1

 and 

the micro-sized pores for the synthesised HATN polymer demonstrate the microporous 

nature. The surface area was significantly increased to 1927 m
2
g
–1

 with a larger pore 

volume for the palladium-functionalised HATN-PIM indicating enhanced 

microporosity. The palladium-modified version also demonstrated higher thermal 

stability below 300 °C, and the SEM analysis showed that the HATN-PIM-Pd polymer 

chains had a larger intermolecular distance supporting the pore-size results.  

For the second modification technique, the heat treated PIM-1 polymer was investigated 

with a series of gas sorption techniques (N2, Ar and CO2). These indicated that the pore 

size distribution of the annealed PIM-1 samples shifted towards ultramicropores. Both 

the HK method and NLDFT model agreed on the microporosity enhancement of the 

samples treated at temperature of 250 °C compared to 110 °C only. However, the best 

fit of the NLDFT model with the experimental data was for the carbon dioxide sorption 

isotherms, which gave pore sizes as small as 3.5 Å. The annealed PIM-1 samples 

demonstrated higher thermal stability and lower weight loss at low temperatures 

suggesting less adsorbed water and/or residual solvent.  
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From N2 adsorption measurements, the PIM-1-PANi composite polymer was found to 

have a BET surface area of 690 m
2
g
–1

, compared to the higher value of 875 m
2
g
–1

 for 

the parent PIM-1 polymer, and the microporosity of PIM-1 was preserved in the PIM-1-

PANi nanocomposite despite the fact that PANi is mesoporous. In addition, the 

micropore size in the composite polymer, was measured to be smaller than both PANi 

and PIM-1 polymers. Although the composite polymer micropore volume decreased 

upon crosslinking of PIM-1 and PANi, annealing the composite compensated to some 

extent.  

Hydrogen uptake measurements were carried out for all synthesised and modified PIMs 

at 77 K and 298 K and up to 320 bar. The hydrogen uptake for the palladium-modified 

HATN-PIM at ambient temperature to 320 bar, was enhanced compared to the 

unmodified HATN-PIM. This was also confirmed using a high pressure Sieverts 

apparatus to 2000 bar – a first for this polymer – with a maximum uptake 2.17 wt% at 

ambient temperature and 700 bar. At 77 K, the hydrogen uptake of the metallated 

HATN polymer is lower than that of the unmodified polymer at 300 bar, but may have 

higher adsorption at higher pressures. This relatively high hydrogen uptake obtained for 

modified HATN-PIM has not been reported previously.  

In the thermal treatment technique used on PIM-1, the hydrogen sorption isotherms 

showed that increasing the temperature of the annealing procedure from 110 °C to 250 

°C enhanced the hydrogen uptake capacity of PIM-1 at both 298 K and 77 K, by 

approximately double that of the sample annealed at 110 °C for 15 h. Further increasing 

the temperature or time of the annealing caused degradation of the surface properties 

and consequently lower hydrogen uptake. The heat of adsorption calculated for the 

PIM-1 samples agreed with the trend in hydrogen uptake, with the highest heat of 

adsorption of 6.7 kJmol
–1

 obtained for the PIM-1 sample annealed at 110 °C for 15 

hours followed by 250 °C for 4. 
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The hydrogen uptake isotherms for the PIM-1 and PANi polymers were very similar at 

ambient temperature, except for more hysteresis on desorption for the PANi polymer. 

PANi showed the highest excess hydrogen uptake capacity of ~1.6 wt% at 298 K and 

315 bar which is the first time this has been investigated to such high pressure. While 

this is well below the reported H2 uptake for PANi fibres (3-8 wt% at ambient 

temperature and 80 bar) [1] and PANi nanofibers using surfactants (3 - 4.3 wt% at 

ambient temperature and different pressures) [2, 3], the H2 uptake values obtained for 

PANi at 77 K in this study (3.6 wt% at 30 bar) is higher than that reported for undoped 

PANi (0.8 wt% at 77 K and 30 bar) [4] and PANi with crosslinkers (1.5 and 2.2 wt%) 

[4].  

The hydrogen uptake of the PIM-1-PANi nanocomposite was significantly higher than 

the parent polymers, PIM-1 and PANi, attaining a maximum of 2.3 wt% at 298 K and 

316 bar. At 77 K and 105 bar, PIM-1-PANi reached 6.5 wt% which is the first report of 

hydrogen uptake for a PANi-based PIM-1 polymer.  

The three modification techniques used in this study all fulfilled the main objective of 

enhancing the hydrogen uptake of PIMs. The hydrogen uptake capacities obtained for 

the post-modified PIMs are comparable to that of other promising porous materials 

including zeolites and MOFs. The hydrogen uptakes of HATN-PIM-Pd (2.8 wt%), 

PIM-1-annealed (2.82 wt%) and PIM-1-PANi (5.6 wt%) investigated in this study are 

higher than the 2.0 wt% for Na-LEV zeolite reported by Dong et al. [5] under the same 

conditions. In particular, PIM-1-PANi had a hydrogen uptake at 26 bar and 77 K of 3.25 

wt%, which is higher than the 2.38 wt% reported for HKUST-1, a MOF with high 

surface area of 1500–2100 m
2
g
–1

 [6].  

8.2 Conclusions 
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The results of this project support the proposition that PIMs can potentially be used as 

hydrogen storage materials, particularly at high pressures. The results from hydrogen 

adsorption measurements of three different studies here are represented in comparison 

with the DOE targets in Table 8.1. While the maximum excess hydrogen uptakes 

obtained in this study are promising, they still fall short of the US DOE targets. The 

PIM-1-PANi polymer composite is one of the best materials prepared in this study for 

the purpose of hydrogen storage, indicating a promising hydrogen uptake capacity of 

6.5 wt% at 105 bar and 77 K. Although the value reported is a material capacity and 

does not pertain to the entire storage system and is therefore not comparable to DOE 

targets, it can be further developed to approach these targets.  

Table 8.1 The comparison of gravimetric H2 uptake (wt%) of the materials investigated in the 

current study with those of U.S. DOE targets 

Material 

Gravimetric H2 uptake (wt%) 

Current study 
U.S. DOE targets 

at 298 K at 77 K 2020 2025 Ultimate 

HATN-PIM-Pd 2.17 (700 bar) 3.13 (320 bar) 

4.5 5.5 6.5 

Thermally-treated 

PIM-1 

1.4 (320 bar) 3.92 (90 bar) 

PIM-1-PANi 2.3 (316 bar) 6.5 (105 bar) 

 

This work demonstrated that the hydrogen uptake of PIM polymers can be enhanced 

using the different modification techniques employed, namely metalation, annealing and 

polymer crosslinking. However, to use PIMs as commercial materials for hydrogen 

storage, further improvements are required. The post-modification techniques employed 

in this project were used for the first time for hydrogen uptake enhancement, and further 

development may improve the capacities further. 
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8.3 Future Work 

This work showed that the modification approaches undertaken in this study enhanced 

the hydrogen uptake of the synthesised PIMs considerably. Following this project, a 

number of further future works may extend these capabilities. Some possible future 

studies are: 

1. The excess hydrogen uptake isotherm of the palladium functionalised HATN-PIM 

polymer at 77 K was still increasing even at 300 bar. Measurements of the hydrogen 

uptake of this post-metallated network in the high-pressure regime may show 

possibilities for applications in the automotive market (700 bar). 

2. Following the enhancement found with palladium, there may be similar, better or 

cheaper metals for enhancement, by using different metal complexes incorporated 

into the HATN polymer. Mg, as a light material with a known interaction with 

hydrogen, could be an interesting future study.  

3. HATN-PIM is an insoluble network PIM, for which the measurement of molecular 

weight and molecular weight distribution is not feasible using gel permeation 

chromatography (GPC). A suitable tool to determine these properties for insoluble 

network polymers is the matrix-assisted laser desorption ionization-time of flight 

mass spectroscopy (MALDI-TOF MS) technique. This technique is also very useful 

to identify end groups and the actual composition of the polymer. Accurate 

determination of polymer composition, functional groups and the weight of the polymer 

further evaluates the synthesis procedure, which is necessary for improvements in the 

synthesis and modification of the polymers. 

4. Small angle X-ray scattering provides useful information about the porosity of the 

PIMs, however, if combined with ultra-small and wide angle X-ray scattering could 

result in a deeper investigation of possible modifications in the intermolecular 

distances between polymer chains. This would lead to a better understanding of the 
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porosity characteristics of PIMs and consequently shed new insight into the 

modifications leading to hydrogen uptake enhancement.  

5. Despite the popularity of non-local density functional theory (NLDFT) used for pore 

size distribution analysis of most porous materials, the NLDFT model is limited to 

carbon materials with heterogeneous pore structure [7]. This model assumes that the 

pore walls are homogeneous graphite-like plane surfaces, and this leads to artefacts 

in the pore size distribution at approximately 1 nm and 2 nm. One approach to avoid 

any confusion about whether the peak in this range is an artefact or real depiction of 

the pore size, is to apply the quenched solid density functional theory (QSDFT) 

model [8] instead of, or in conjunction with, NLDFT [7]. This model has been 

defined for adsorption in heterogeneous materials with corrugated amorphous walls. 

For this project, it was not available, leading to some uncertainty in the pore size 

distribution in the mentioned pore range. Therefore, the simultaneous use of NLDFT 

and QSDFT models for porosity analysis of PIMs is recommended for the future 

study. 

6. The PIM-1-polyaniline nanocomposite polymer combination also presents 

possibilities for future studies. The first would be to try different concentration 

ratios of PANi to PIM-1 to investigate the effect of PANi concentration on the 

hydrogen uptake capacity of the final composite. Another could aim to dope PANi 

polymer with different doping agents and explore the effect of doping on the 

hydrogen uptake capacity of the PIM-1-PANi nanocomposite. As hydrogen 

adsorption measurements of different doped PANi have been attempted by some 

studies, this work would lead to a very interesting comparison. 

 

 

 

 



164  

References 

 

1. Srinivasan S, Ratnadurai R, Niemann M, Phani A, Goswami D and Stefanakos 

E. Reversible hydrogen storage in electrospun polyaniline fibers. international 

journal of hydrogen energy. 2010;35(1):225-30. 

DOI:10.1016/j.ijhydene.2009.10.049. 

2. Niemann MU, Srinivasan SS, Phani AR, Kumar A, Goswami DY and 

Stefanakos EK. Room temperature reversible hydrogen storage in polyaniline 

(PANI) nanofibers. Journal of nanoscience and nanotechnology. 

2009;9(8):4561-5. DOI:10.1166/jnn.2009.1279. 

3. Rahy A, Rguig T, Cho SJ, Bunker CE and Yang DJ. Polar solvent soluble and 

hydrogen absorbing polyaniline nanofibers. Synthetic Metals. 2011;161(3-

4):280-4. DOI:10.1016/j.synthmet.2010.11.036. 

4. Germain J, Fréchet JM and Svec F. Hypercrosslinked polyanilines with 

nanoporous structure and high surface area: potential adsorbents for hydrogen 

storage. Journal of Materials Chemistry. 2007;17(47):4989-97. 

DOI:10.1039/B711509A. 

5. Dong J, Wang X, Xu H, Zhao Q and Li J. Hydrogen storage in several 

microporous zeolites. International Journal of Hydrogen Energy. 

2007;32(18):4998-5004. DOI:10.1016/j.ijhydene.2007.08.009. 

6. Noguera-Díaz A, Bimbo N, Holyfield LT, Ahmet IY, Ting VP and Mays TJ. 

Structure–property relationships in metal-organic frameworks for hydrogen 

storage. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 

2016;496:77-85. DOI:10.1016/j.colsurfa.2015.11.061. 

7. Neimark AV, Lin Y, Ravikovitch PI and Thommes M. Quenched solid density 

functional theory and pore size analysis of micro-mesoporous carbons. Carbon. 

2009;47(7):1617-28. DOI:10.1016/j.carbon.2009.01.050. 

8. Ravikovitch PI and Neimark AV. Density functional theory model of adsorption 

on amorphous and microporous silica materials. Langmuir. 2006;22(26):11171-

9. DOI:10.1021/la0616146. 

 

 

 

 

 

 

 

 

 

 



165  

APPENDIX 1 

Supplementary Information of Chapter V 
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Table S1. Elemental analysis of the hydrated polymer (HATN-PIM) including potassium and chlorine 

 

NAME REPEAT UNIT C% H% N% O% Cl% K% Pd% 

 
HATN- 

PIM 

Calculated hydrated 

polymer containing K and 

Cl 

 

65.90 

 

4.19 

 

8.31 

 

14.24 

 

3.50 

 

3.86 

 

- 

Experimental 62.43 4.65 8.62 - 0.82 0.32 - 
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Figure S1. Full FTIR spectra of HATN-PIM and HATN-PIM-Pd 
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Figure S2. The high-resolution XPS spectra of C1s for HATN-PIM 
 

 
 

 




