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Summary 

Large-scale central facilities such as Diamond Light Source fulfil an increasingly pivotal role 

in many large-scale scientific research programmes. We illustrate these developments by 

reference to energy-centred projects at the University of Nottingham, the progress of which 

depends crucially on access to these facilities. Continuing access to beamtime has now 

become a major priority for those who direct such programmes. 
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Introduction 

Although we made some earlier use of the Daresbury Synchrotron Radiation Source (SRS) 

[1, 2], our sustained use of synchrotron facilities began in 1997 with the inauguration of the 

pioneering small-molecule single-crystal SRS Station 9.8. Our single crystal work on Stations 

9.8 and 16.2SMX [e.g., 3−5] continued until the closure of the SRS in 2008. Since October 

2008 we have been users of the new Diamond Light Source, primarily of the small-molecule 

single-crystal Beamline I19 but increasingly of the high resolution powder diffraction 

Beamline I11. We have recently used both these beamlines not only to pursue ab initio 

structure determinations of new materials [6] but also to perform in situ gas cell studies [7, 8]. 

Beamline I19 has hosted our high pressure crystallographic studies, initially on mononuclear 

coordination complexes in Experimental Hutch 1 [9, 10], but more recently on metal-organic 

framework (MOF) materials in Experimental Hutch 2. Complementary experiments to 

investigate the structures and properties of MOFs [11, 12] have employed facilities at the 

ISIS Neutron Centre adjacent to Diamond, and the Institut Laue-Langevin (ILL) and the 

European Synchrotron Radiation Facility (ESRF), both located in Grenoble. 

 

Research on MOF energy materials 

In this section we highlight examples to illustrate two of our main areas of current activity, 

namely hydrogen storage and carbon capture. 

(i) Hydrogen storage (Fig. 1) 

Over the past 15 years our approach to MOFs has evolved from generating and identifying 

new structural types and motifs [13] to the design, synthesis and characterisation of highly-

promising energy materials. Central to these studies has been the search for materials capable 

of storing hydrogen (H2) which has undoubted attractions as a fuel because of its abundance, 



energy density and low environmental impact, the only waste product from its combustion 

being water. Despite these advantages, the development of a viable system to store H2 for 

automotive applications presents a series of challenges involving the weight of the storage 

system, the operating temperature and the distance that the vehicle can travel before requiring 

refuelling. A storage system achieving 5.5 wt% H2 storage (US DOE 2015 target [14]) is 

considered viable for transport, but because this criterion includes the weight of the container 

and the necessary control systems, the capacity of the storage medium must be 

correspondingly higher. As an important class of crystalline coordination polymers which 

consist of metal centres bridged by organic linkers, MOFs show considerable promise for H2 

storage, in part because of their high surface areas and tuneable properties. An important 

feature of MOFs is the predominance of light atoms (e.g., C, N, O) in the organic linker, 

which means that a MOF with a heavier element as the metal centre does not render the 

material impractically heavy overall: as a result, a very wide range of metal centres and 

thereby MOF structures can be investigated.  

 

Two keys aims of the research are to develop MOFs with increased H2 storage capacity and 

to develop systems which can store H2 at or near ambient temperature, which are desirable 

targets for any storage medium. Our work has shown that the pore environment can be 

controlled by factors such as cation exchange, allowing the design of pore gates to control the 

movement of gas; a key discovery was that it was possible to combine high H2 storage 

capacity and high binding energy, showing how viable onboard H2 storage could be achieved 

[12, 15, 16].  

 

 



 

Figure 1. Representations of a copper paddlewheel MOF (NOTT-112) designed for high-capacity hydrogen 

storage. Top, differently-sized cages in indicated by coloured spheres; bottom, tiling of the cages shown 

according to the same colouring scheme. 

 

 

(ii) Carbon capture (Fig. 2) 

According to the Tyndall Centre for Climate Change Research at the University of East 

Anglia, UK, global CO2 emissions from the consumption of fossil fuels increased to 36 

billion tonnes in 2013, while the same year saw the average atmospheric concentration of 

CO2 exceed (albeit briefly) 400 ppm for the first time since measurements began [17]. With 

increased CO2 emissions being widely implicated in anthropogenic global warming and 

associated climate disruption, there is a pressing need for technologies to capture at least 

some of the CO2 emissions. The existing technology involves the use of amine solutions to 

capture carbon dioxide but this incurs certain penalties: there is an environmental penalty 

through the use of monoethanolamine (MEA) which is toxic, flammable and highly 

corrosive, while a large energy penalty arises from the heating required to drive off the 

carbon dioxide and regenerate the scrubbing solutions [18, 19]. 



Figure 2. Illustration of the selective capture of CO2 from a gas mixture by a MOF represented by the green 

framework. 

Having synthesised a polycrystalline product by a hydrothermal reaction between biphenyl-

3,3′,5,5′-tetracarboxylic acid and Al(NO3)3·9H2O in water containing HNO3, we turned to 

Beamline I11 at Diamond for the collection of high resolution powder diffraction data, from 

which the structure of NOTT-300(Al) could be solved and subsequently achieve a 

satisfactory Rietveld refinement. The structure features Al(III) ions bound to six O donors: 

four arise from carboxylate groups, two from bridging hydroxyl groups. Corner-sharing 

[AlO4(OH)2] octahedra are linked into chains through two mutually cis-µ2-OH groups. These 

chains are bridged by tetracarboxylate ligands, giving a porous three-dimensional framework 

structure with one-dimensional channels. Desolvated NOTT-300(Al) shows excellent 

selectivity for CO2 (and SO2) versus other gases including N2, CH4, CO, Ar, O2 and H2. A 

combined study of CO2-loaded NOTT-300(Al) using powder X-ray diffraction, inelastic 

neutron scattering and modelling showed that hydroxyl groups within the pores bind CO
2
. 

There are two types of hydrogen bond, Al–OH···O=C=O (I) and C–H···O=C=O (II), and five 

interactions in total. This array of supramolecular hydrogen bonds provides an explanation 

for the high selectivity of NOTT-300(Al) towards CO
2
 and for the ease with which it can be 

recovered [8]. By elucidating and understanding the dynamics of the CO2 capture mechanism 

we are well-placed to design better carbon-capture systems. 

Collaboration between Nottingham and Diamond 

The School of Chemistry at The University of Nottingham possesses a suite of equipment for 

X-ray diffraction studies, including three single crystal diffractometers: one of these is 



equipped with dual-wavelength copper/molybdenum microfocus sources while two others 

have gradient vacuum X-ray sources. In excess of 1000 samples, covering broad ranges of 

both chemistry and sample quality, are examined on these systems each year. Despite this, we 

regularly apply for an allocation of single crystal data collections at the EPSRC National 

Crystallography Service (NCS) based at the University of Southampton, which allows us to 

access their high-intensity rotating anode X-ray sources to enable the study of samples that 

are beyond the capabilities of our own instrumentation. For samples that exceed even these 

capabilities, the NCS provides transparent access to Beamline I19 at Diamond (see Fig. 3). 

We have also gained access to Diamond beamlines through our peer-reviewed proposals 

using the Block Allocation Group (BAG), direct access and rapid access routes, principally 

but not exclusively for structural studies on MOF energy materials. Our collaboration with 

Diamond was highlighted by one of us (S.Y.) winning the inaugural 2011 Diamond Young 

Scientist Award. 

 

Continuing and future activities 

Our principal interaction with Diamond will continue to centre on the characterisation of 

important newly-synthesised materials from single-crystal samples which are challenging 

because of pervasive factors such as sample size, limited crystallinity, poor ordering and high 

solvent content. We anticipate that structural results from Beamline I19 will continue to 

feature prominently in our high-profile publications, as they have done in the recent past  

[6−8, 11, 15, 20−29]. 



 

Figure 3. Relationship of Diamond to local and EPSRC national facilities for single-crystal structure analysis. 

 

We are keenly interested in exploiting upcoming developments on I19 such as robotic 

handling and an enhanced detector system capable of high throughput, as we believe these 

will bring major benefits to our research programmes. The availability of a new generation of 

photon-counting area detectors, such as the Pilatus detector developed by Dectris, has 

revolutionised macro-molecular crystallography. They have brought about a step-change in 

the speed at which single-crystal diffraction data can be collected, as they can be operated in 

a continuous, shutterless scan, unlike the more conventional CCD detector. The Pilatus 

detector also has a significantly greater dynamic range, allowing extremely weak reflections 

to be recorded on the same image as strong reflections without the need for sets of retaken 

images (acquired with either shorter exposure times or attenuation of the incident beam). 

These advantages can be readily applied to small-molecule crystallography and a Pilatus 

detector will be a key feature of the forthcoming upgrade to Beamline I19. As data 

collections become much faster, a greater number of samples can be run and sample changes 

will need to be performed more efficiently to make best use of limited beam time. The use of 

a robotic sample changer, therefore, will become extremely important and new methods for 

storing air-sensitive samples, or samples vulnerable to solvent loss, will need to be 

EPSRC National Crystallography 

Service 
Diffractometers have high-intensity 

rotating anode X-ray sources 

Access via NCS to Diamond 
Very high intensity synchrotron X-ray 

source on Beamline I19 

Nottingham 
Single crystal diffractometers with high-flux Cu and Mo 

microfocus and gradient vacuum X-ray sources 

Direct Access to Diamond 
Very high intensity synchrotron 

X-ray source on Beamline I19 



implemented so that crystals can be stored for extended periods of time without degradation. 

This will be particularly important for MOF systems which can deteriorate rapidly once 

removed from their mother liquor and mounted on a sample loop. The Nottingham group has 

been involved in the commissioning of the robotic sample changer for these more challenging 

systems. 

 

Other work on Beamline I19 will involve in situ gas cell studies of single crystals and will 

include the development of suitable sample cells. For example, we have determined the 

locations of CO2 molecules within a hydroxyl-functionalised MOF material NOTT-300(Ga) 

which is isostructural with NOTT-300(Al) described above. In its solvated form NOTT-

300(Ga)-solv crystallises in the chiral space group I4122 and shows a three-dimensional 

open-framework structure constructed from helical [Ga(OH)2O4]∞ chains bridged by 

tetracarboxylate ligands (Fig. 4). The Ga(III) ion is octahedrally coordinated via six O 

donors, four of them from carboxylate groups and two O donors from μ2-OH bridging 

hydroxyl groups arranged in a mutually cis configuration. This form of connectivity leads to 

the formation of a square one-dimensional pore channel running through the framework 

along the c-axis. The structural results allow us to rationalise the high binding energy and 

high CO2 uptake capacity observed for this material. 

 

Beamline I19 has played a pivotal role in the recent development and exploitation of high 

pressure crystallographic methods and it has already contributed to landmark high pressure 

investigations of well-known MOFs [30−35].We have begun studies of the behaviour of our 

own more flexible MOFs, several of which possess outstanding gas storage or separation 

properties, at pressures of up to 100 kbar. The unique facilities of EH2, including the high 

brightness of the mirror-focussed X-ray beam, have already allowed us to collect data from 

some challenging samples. The heavy-duty diffractometer housed in EH2 has an integral 

motorised sample stage which allows a crystal contained within the diamond-anvil cell to be 

placed accurately within the X-ray beam. This accurate centring, coupled with the mechanical 

stiffness of the diffractometer, allows smaller, focused, beam sizes to be used which reduces 

background and allows more weakly-scattering samples, such as our MOFs, to be studied. 

  



 

Figure 4. Views of single crystal structures for NOTT-300(Ga)-solv (a, d), NOTT-300(Ga) (b, e), NOTT-

300(Ga)·2.35CO2 (c, f). The guest molecules (DMF, water, CO2) in the pore channels are highlighted in ball-

stick model (Ga green, C grey; O red, H white, N blue). The carbon atom of CO2
II
 is highlighted in orange. The 

hydrogen bond interaction between the guest molecule and free OH group is highlighted in purple. The 

independent electrostatic dipole interactions between CO2 molecules are highlighted in cyan and green. 

 

Another broad area of study will involve the application of powder X-ray diffraction 

techniques. These will involve the characterisation of energy materials, their ab initio 

structure determination from high-resolution powder diffraction data, and in situ gas cell 

studies on polycrystalline samples and long duration experiments. The successful 

determination of the structure of NOTT-300(Al) from data collected on Beamline I11 [8] 

exploited a highly effective alternative technique when we faced insuperable difficulties 

obtaining suitable single crystals of this material. NOTT-300(Al) was an attractive candidate 

for structure solution from powder data, as it possessed high symmetry (tetragonal, space 

group I4122) and had a relatively modest unit cell volume of ca. 2600 Å
3
, but materials with 

lower symmetry and/or larger unit cells will present greater challenges even if they exhibit 

comparable crystallinity.  

 

In contrast, powder diffraction offers a number of distinct advantages over single crystal 

methods for in situ gas cell studies: these include the smaller particle sizes which lead to 



more rapid equilibration following a change in gas pressure or composition, allowing 

improved time resolution; a large sample volume which is favourable for counting statistics 

and therefore rapid data collection; the ability to study materials that undergo phase 

transitions that might destroy or degrade a single crystal; and a simpler, more open diffraction 

geometry which facilitates the use of the gas cell (Fig. 5) [36]. 

  

Our aim in such experiments is typically to obtain high resolution powder diffraction data on 

porous framework materials as a function of temperature and of the loading of 

environmentally-significant gases such as CO2, SO2 and NO2. These data allow us to identify 

preferred binding sites within the pore cavity and thereby understand the mechanisms and 

processes through which these porous framework materials capture, retain and release the 

gases, leading to advances in the design and development of new materials for CO2 storage, 

toxic gas removal and energy storage. 

 

 

Figure 5. Beamline I11 gas pressure system and capillary sample cells: (a) the gas supply and control system 

which has a working pressure range from mbar to 100 bar; (b) the low pressure cell; (c) the low pressure gas cell 

mounted on the I11 goniometer, with the red arrow indicating the direction of a cooling stream from an open-

flow cryostat or heating by a hot-air blower; (d) a view of the high pressure cell, with the inset showing an 

expanded view of a MOF sample in a sapphire capillary (arrowed). 
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We are interested in continuing our research using the existing facilities on Beamline I11 for 

high resolution and fast time-resolved studies, but we also regard the new Long Duration 

Experiment facility on I11 as highly relevant. This facility [37] is designed for experiments 

which require extended periods (weeks or months) to take to completion but need only 

occasional monitoring. It will allow the investigation of relatively slow changes which do not 

occur within the timespan of a standard experiment. Our interests will focus on the long-term 

behaviour and stability of our new materials for gas capture and storage, under both ambient 

(storage/resting) and in operando conditions. The ability to monitor the stability and storage 

capacity of these materials through their life cycle will allow us to assess the viability of gas 

storage and carbon capture devices based around them. Where otherwise promising materials 

fail to exhibit sufficient long-term stability, we will establish the mechanisms responsible for 

this and design the necessary stability into the next generation of materials. The facility will 

also be of benefit to the development of fuel cells where important information on the 

development of phases over time can only be obtained via long-term experiments. An active 

area of research for fuel cells is through the use of solid oxide (SOFC) and proton exchange 

membrane (PEMFC) designs. Synchrotron X-ray powder diffraction is already being used in 

fuel cell research to study the SOFC anode and cathode materials, and other potential new 

materials. However, more progress could be made through the study of active fuel cells over 

extended periods so that changes in structure and composition that occur during operation can 

be more fully understood. 

 

There is also increasing interest in the development of materials that undergo a phase change, 

through dissolution or melting, for heat storage and release in both domestic and industrial 

applications. Although much of the research in this area is in the development of new 

materials with increased levels of released energy density, the new I11 facility will provide 

much-needed information on the evolution of energy-storage efficiency of the materials over 

many cycles and how the long-term chemical stability can be attained. 

 

The new I11 facility will also be of benefit for studies on the long-term structural changes in 

materials due to radiation exposure, high-temperature or catalytic damage in the nuclear or 

catalysis industries. The disposal and storage of waste (containment and spent ion-exchange 

materials) produced by nuclear reactors is a pressing example of a long-term issue which 

could be better understood by obtaining data from extended studies on I11.  

 



Although we have focussed on work carried out on Beamlines I11 and I19, other beamlines 

have supported users studying MOF materials. One example is Beamline B18 (Core EXAFS) 

which employs X-ray absorption spectroscopy to provide element-specific data on the local 

geometry and chemical nature of absorbing atoms. The technique has the advantage that it is 

equally applicable to ordered crystalline materials and extensively-disordered, amorphous, 

liquid or gaseous samples. It supports a broad range of research programmes which require 

information on the local structure and electronic state of active components, fluids, 

amorphous and crystalline solids, surfaces and biomaterials. As part of this portfolio B18 has 

supported users looking at MOF materials, including some based on MIL-53 [40, 41], where 

X-ray absorption near edge structure (XANES) spectroscopy at the metal K-edges was used 

to establish the oxidation states of the metal centres. Such techniques are poised to exert a 

major influence on dynamic structural studies over the next decade, and will continue to be 

developed and expanded at Diamond. 

 

The expanding role of Diamond 

Central facilities now play a crucial role in many large, important projects, and this represents 

a major change in outlook and culture over the past 15−20 years. Prior to this, for example, 

non-macromolecular single crystal studies using synchrotron radiation were rare and 

depended on gaining occasional access to beamlines dedicated to other applications [1, 2, 38].  

Such a situation clearly could not support any expansion in synchrotron chemical 

crystallography, but the inauguration in 1997 of Station 9.8 at the Daresbury SRS [39] 

marked a watershed. Not only did it provide superb facilities for single-crystal X-ray 

structural analysis, it also recognised the (future) importance and wide relevance of such a 

dedicated resource accessible by peer review. The same role, greatly enhanced and 

diversified, is now fulfilled by Beamline I19 at Diamond. 

 

Large energy-centred research programmes in Nottingham with >£15m of funding depend 

directly on access to these facilities, particularly at Diamond, but we are in no sense unique in 

this regard: for example, major research efforts based in Liverpool, Cardiff, Sheffield and St. 

Andrews are amongst those benefitting from regular beamtime at Diamond. 

 

Conclusions 

Continuing access to beamtime has now become a major priority for these research 

programmes, because the results drive (and sometimes redirect) the development of these 



projects. They also accelerate the progress of the programmes. One indication of this need is 

the significant number of Programme Mode and Block Allocation Group awards on 

beamlines such I11 and I19, offering beamtime for an extended period of two years. 
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