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A common feature of multi-functional metal-organic frameworks is a metal dimer in the form of a paddelwheel, as found in

the structure of Cu3(btc)2 (HKUST-1). The HKUST-1 framework demonstrates exceptional gas storage, sensing and separation,

catalytic activity and, in very recent studies, unprecedented ionic and electrical conductivity. These results are a promising step

towards the real-world application of metal-organic materials. In this perspective, we discuss progress in the understanding of

the electronic, magnetic and physical properties of HKUST-1, representative of the larger family of Cu· · ·Cu containing metal-

organic frameworks. We highlight the chemical interactions that give rise to its favourable properties, and which make this

material well suited to a range of technological applications. From this analysis, we postulate key design principles for tailoring

novel high-performance hybrid frameworks.

1 Introduction

The structural diversity of metal-organic frameworks

(MOFs)1 has stimulated research efforts in the fields of gas

storage and sensing,2,3 catalysis,4,5 and more recently, as

electroactive materials in devices.6–10 Many studies have fo-

cused on the syntheses of ‘ultra-high porosity’ materials11,12

with the prospect of tailor-made gas vessels for selective

uptake and storage.13–18 Whilst it is recognised that these

organic-inorganic compounds can exhibit an extensive range

of properties relevant to solid-state chemistry and physics –

including magnetism, ferroelectricity and electrochromism

– electronic structure modulation has been a secondary

consideration in hybrid materials design.19

From the plethora of reported MOFs, some of the high-

est performing multi-application materials feature an array

of Cu· · ·Cu paddlewheel secondary building units (SBUs),

shown truncated in Figure 1b. There are many examples

of organic-inorganic frameworks featuring this motif (e.g.

HKUST-1,20 NU-111,21 PCN-1422 and NOTT-11523), with

varying porosity and aperture depending on the organic linker

selection.24,25 Porous frameworks have been used in the stor-

age of gas,26 but all have shown significant retention and se-

lectivity of gaseous mixtures.27–29 It is not clear that the high

porosity of these materials, attributed to the large organic link-

ers, correlates with high performance. Indeed, HKUST-1 is

one of the more dense porous MOFs.

HKUST-1, (Cu3(btc)2, Figure 1a), is a framework com-

posed of an array of 32 Cu· · ·Cu paddlewheels per crystal-
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Fig. 1 Cu3(btc)2 (HKUST-1) crystallises in the cubic space group

Fm-3m. Shown is the coordinatively unsaturated (anhydrous)

structure, a. Each crystallographic unit cell features 32 Cu· · ·Cu

paddlewheel motifs, b, linked by the aromatic tricarboxylate, btc,

1,3,5-benzene tricarboxylate.

lographic unit cell, connected in three dimensions by 1,3,5-

benzene tricarboxylate (btc). Like cupric acetate, this ligand

arrangement results in two coordinatively unsaturated Cu sites

per paddlewheel which polar molecules can interact with. The

paddlewheels are stable in both the coordinatively unsaturated

and saturated arrangements.30 In the original preparation of

HKUST-1, Cu3(btc)2 crystallises with stoichiometric amounts

of water coordinated to each Cu2+ ion. Anhydrous (or acti-

vated) HKUST-1 is realised by gentle heating under low pres-

sure, resulting in the chemically activated structure, with ex-

posed Cu2+ sites.

MOFs can be complex in both chemistry and geometry. In

an attempt to simply discussions of these frameworks sev-

eral shorthand naming systems have been devised. The most
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shell singlet).41

Following cupric acetate, HKUST-1 (both hydrated and ac-

tivated) exhibits an AFM ground state, while the FM and δ

bond states may be populated by temperature and/or photo-

excitation. Williams and co-workers demonstrated this effect,

showing an increase of the magnetic susceptibility at tempera-

tures greater than 100 K.42 In a recent study by Pöppl and co-

workers, the AFM ground-state was confirmed with a range of

electron spin resonance techniques, with evidence for an S =

1 excited spin state.43

From first-principles calculations, the AFM state is 1.53 eV

(148 kJ/mol) per paddlewheel more stable than the δ -bond

state, and 0.03 eV (3 kJ/mol) per paddlewheel more stable than

the FM state, Figure 3a. From the negative exchange interac-

tion between nearest-neighbour Cu ions, a Néel temperature

of 348 K was predicted.44 Treatment of the correct magnetic

structure is critical in calculations of the electronic structure

of HKUST-1 (and related open-shell frameworks). A closed-

shell (spin restricted) calculation forces the δ bond formation,

which is one of many low energy excited electronic state.

There is evidence for magnetoelastic coupling in this sys-

tem. The spin state of the Cu ions is sensitive to the lattice

volume (pressure) and spin flipping is observed both experi-

mentally and computationally upon increases (ca. 0.1 Å) in

the Cu· · ·Cu distance. Surprisingly, HKUST-1 shows a de-

crease (pinching) in Cu· · ·Cu distance with increase in cell

volume, as shown in blue, Figure 3b. A crystal subject to hy-

drostatic pressure will result in a greater Cu· · ·Cu separation,

or puckering. An estimate of these pressures is shown in Fig-

ure 3.

Under high external pressure, the electronic structure is al-

tered to a non-zero spin configuration. As the Cu· · ·Cu dis-

tance is increased, the FM arrangement is favoured, with each

paddlewheel converting to a spin triplet. Under expansion

(e.g. at higher T) the metals are brought together, which sub-

sequently destabilises both the occupied dz2 and partially oc-

cupied dx2
−y2 orbitals, but the AFM state remains.

Changes in effective mechanical pressure can also be in-

duced by low loading levels of gaseous absorbates, which

puckers the Cu· · ·Cu motif, Figure 3c.45–47

Complex magnetic behaviour was observed by the inclusion

of a di-tert-butyl nitroxide radical, which both coordinated

and coupled to the Cu ions.48 It is not surprising HKUST-1

interacts strongly with free radicals. As we will discuss in

the catalysis section, this experiment provides a promising av-

enue for radical heterogeneous catalysis. The coordination

process increases electron density around the Cu2+ dz2 or-

bitals: the destabilisation does not alter the AFM arrangement,

but rather causes a gradual crystallographic expansion due to

the increase in dz2 repulsion. The magnetic configuration not

only affects the local Cu· · ·Cu electronic structure, but also

the solid-state workfunction. Experimentally, workfunctions

Fig. 3 Each Cu· · ·Cu paddlewheel has several possible spin states,

some of which are summarised in the crystal field splitting diagram,

a. The ground-state of anhydrous HKUST-1 is an

antiferromagnetically (AFM) coupled spin singlet, with the

ferromagnetic (FM) triplet thermally accessible at room

temperature. A distinct Cu· · ·Cu bond is realised through a

(closed-shell singlet) δ -bond and is 1.53 eV per Cu· · ·Cu motif less

stable than the AFM state. The Cu· · ·Cu distance is inversely

proportional to cell volume. Deviations from the equilibrium

structure (the structure obtained from the black point in b) causes

pinching or puckering of the Cu· · ·Cu, c, upon compression or

dilation, respectively.

(or ionisation potentials) of MOFs are challenging to measure.

MOFs are commonly unstable in polar solvents (posing prob-

lems for cyclic voltammetry measurements) and despite recent

attempts at understanding surface terminations in MOFs,49–51

the exact topology is unknown (posing problems for photoe-

mission characterisation). There are however four recent re-

ports detailing an effective workfunction for HKUST-1,52–55

all of which suggest variable ionisation potentials depending

on the spin state. Using a recent method for recovering the
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Fig. 4 The electronic band structure of HKUST-1 in the antiferromagnetic (AFM) configuration, a, shows typical behaviour of a

metal-organic framework: bands with low dispersion in reciprocal space indicating highly localised states. The three spin states per Cu· · ·Cu

paddlewheel considered result in three distinct ionisation potentials (workfunctions), shown relative to the vacuum level in b. Inclusion of the

TCNQ electron acceptor in the pores of HKUST-1 provides an electron acceptor and transport medium. Solid-state calculations of the

TCNQ/HKUST-1 interface show the upper valence band of the framework is not affected by the inclusion of TCNQ, c, however the molecular

LUMO occupies a mid-gap state, d. All calculations are based on a density functional theory with a hybrid exchange-correlation functional

(HSE06).

absolute electron energies of porous crystals,41 the predicted

workfunctions of the various spin states of HKUST-1 may be

aligned relative to vacuum, Figure 4b. We compute the work-

functions of the AFM, FM and δ bond state to be 7.0, 7.0 and

5.7 eV, which is in close agreement with ionisation potential

measurements performed by Lee and co-workers (5.43 eV).54

The characteristic aquamarine hue, closely associated with the

Cu· · ·Cu motif, does not correlate with the electronic band gap

of any of the spin states, it is rather attributed to optical transi-

tions around 1.3 eV which can be associated with ligand field

transitions and ligand-to-metal charge transfer.

3 Ionic and Electrical Conductivity

One can envisage many methods of activating ion conductiv-

ity in hybrid frameworks. In the case of hydrated HKUST-1,

exposure to a strong base – ammonia is one example – weak-

ens the aqueous O-H bond, resulting in labile protons.56,57

This phenomenon was further demonstrated by Hupp and

co-workers, who showed an increase in proton conductivity

(Grotthus mechanism58) upon loading of methanol in the hy-

drated structure.59

As outlined in a recent review by Shimizu and co-workers,

there are several drawbacks with using MOFs as ionic conduc-

tors.60 Perhaps surprisingly, most reports of Cu-MOFs show

stability in ammonia; the same in not true with respect to oxy-

gen centred nucleophiles.61 The primarily concern is that pro-
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ton hopping sites are inherently nucleophilic. A destabilisa-

tion of the nucleophilic-bound proton is required to increase

the protonic conductivity; a chemical characteristic which is

essentially a measurement of guest molecule acidity. Thus the

increase in nucleophilicity generally results in macroscopic

framework decomposition.62 Tominaka and Cheetham pre-

sented an alternative mode of ion conductivity in microcrys-

talline samples. The ionic conductivity of pressed-pelleted

frameworks was observed to be extrinsic (i.e. the conduc-

tion occurred at the poly-crystalline grain boundaries, rather

than through the proposed Grotthus mechanism that domi-

nates single crystal samples).63 Besides H+ conductivity, a

recent screening of MOFs for use as cathodes in Li-air batter-

ies showed crystalline HKUST-1 has a particularly large dis-

charge capacity of 4170 mAh/g, in which both ion transport

and storage capabilities are exploited.64

The ability to tune the electronic structure of MOFs,

through modification of the inorganic and organic compo-

nents, make them exciting candidates for electronic applica-

tions. Notably, Dincă and co-workers have shown several ex-

amples of conductive MOFs.65–68 Most metal-organic frame-

works are wide band gap insulators with high resistivity.6,69,70

Their porosity results in electronic bands composed of highly

localised orbitals, and an absence of band dispersion in re-

ciprocal space, as shown for HKUST-1 in Figure 4a. This

suggests that the most likely mode of electronic conduction is

through electron hopping, rather than band transport.71–73 In

the first report of a solar cell containing HKUST-1 electron in-

jection to TiO2 and hole transport to a redox electrolyte was

achieved.54 Elsewhere, hybrid organic-inorganic perovskite

structured materials have achieved notable recent success in

photovoltaic applications,74–76 originating in part from the in-

terplay between the organic and inorganic components.77–80

One distinction of the hybrid perovskites is that the extended

inorganic network provides robust band, rather than hopping,

conductivity.

Conventional semiconductors may be chemically doped to

introduce an excess of electrons (donor states) or holes (ac-

ceptor states). The defect chemistry of MOFs is complex –

many are kinetic products rather than in thermodynamic equi-

librium – and there is no general approach to increase con-

ductivity.81–83 One promising method to increase conductiv-

ity could be through increasing the MOF density. Assuming a

fixed topology, this may be achieved through two approaches:

i) pre-synthetic ligand choice84 or ii) loading of the MOF

with electron hopping sites.85 In the latter approach, under-

coordinated metal sites can be harnessed to transiently coor-

dinate redox-active molecules. This principle was the basis of

the seminal work of Allendorf and co-workers who demon-

strated substantial electrical conductivity increase upon load-

ing of HKUST-1 with tetracyanoquinodimethane (TCNQ).55

The increase in conductivity of TCNQ@HKUST-1 can be

understood from basic principles of semiconductor physics.86

TCNQ is widely used as an electron acceptor in organic elec-

tronics. The electronic workfunction of HKUST-1 (AFM con-

figuration) is calculated to be 7.0 eV with a band gap of 3.5 eV,

Figure 4b. Single-molecule TCNQ is predicted to have an ion-

isation potential of 7.3 eV with an electronic gap of 1.8 eV (at

the same level of theory). Solid-state calculations of the mixed

system confirm that the addition of TCNQ to coordinatively-

unsaturated Cu in HKUST-1 sites provides electronic stabili-

sation to the framework, increasing the work function to 7.2

eV. This stabilisation originates from back-bonding capability

of TCNQ which subsequently lowers the valence band maxi-

mum (VBM, dominated by cupric oxide, Figure 4c). The low-

est unoccupied molecular orbital (LUMO) of TCNQ becomes

a mid gap state, consistent with its behaviour as an electron

acceptor, Figure 4d.

The inclusion of TCNQ provides a sub-framework connec-

tion – by the formation of a charge transfer salt – between the

Cu paddelwheels. A similar principle of internal cross-linking

modifications was demonstrated by Cohen and co-workers,87

but little attention has been paid to the electronic structure of

the linking motifs. There is certainly scope for exploring both

the inclusion of other molecules into the pores of HKUST-1

that form similar electrical contacts, with varying donor and

acceptor levels.

4 Heterogeneous Catalysis

Many hybrid frameworks have shown success as heteroge-

neous catalysts, in part owing to the large internal surface ar-

eas. There are reports ranging from polymerisations88,89 to

C–H bond activation90 and CO2 reduction.91 These catalytic

frameworks generally contain motifs analogous to traditional

molecular catalysts, featuring the same compositional diver-

sity, with the advantage of regular ordering and potential ease

of catalyst recovery.

Many organic transformations do not require a redox active

catalyst, but rather a combination of electron rich and defi-

cient reagents, and an electrophilic centre, such as Cu2+. In

principle, this type of catalysis would be ill-suited to MOFs

because strongly nucleophilic reagents may result in macro-

scopic framework decomposition. However, in reactions that

are both gaseous and chemically moderate – such as the epox-

ide ring opening92,93 reaction shown in Figure 5a – the poros-

ity of MOFs comes as a benefit, with the presence of a regular

array of metal centres to facilitate the stabilisation of reaction

intermediates.

Ma and co-workers showed highly efficient CO2 conversion

in HKUST-1, and quantitative catalytic turnover for their mod-

ified framework featuring an array of Cu2+ paddlewheels and

single Cu2+ atoms.91 In their report (summarised in Figure

5a), the phase transfer catalyst, n-tetrabutylammonium bro-
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Fig. 5 An example of a heterogeneous catalytic cycle for the

formation of cyclic carbonates – cupric acetate mediated – from

epoxides and CO2, a. nBu4NBr serves as both a labile nucleophile

and phase transfer reagent. The same cupric acetate motif may be

used as a heterogeneous mixed redox CuI/CuII catalyst, b, oxidising

alcohols to aldehydes in the presence of TEMPO.

mide, does not degrade the framework, and the reagents are

the epoxide and CO2. In this case, Cu2+ coordinates the epox-

ide, weakening the C–O bond through the same mechanism

that promotes proton conduction in the hydrated structure.

This unconventional type of catalysis is exciting, and there

is scope for chiral modifications of the framework and hence

potential for asymmetric catalysis within designer porous ma-

terials.

Mixed-metal redox catalysis has also been demon-

strated.94,95 In a recent report by Fischer and co-workers,

the isostructural Ru-HKUST-1 was constructed with mixed

RuII/III sites, which exhibited exceptional olefin hydrogena-

tion turnover.96 The same Ru-HKUST-1 was reported in a

study by Wade and Dincă, which also included several other

interesting isostuctural M-HKUST-1 analogues (M = Cr, Fe,

Ni, Mo), all of which have multiple accessible oxidation

states.97 The same principles of mixed-metal redox states can

be applied to Cu-HKUST-1, forming reactive CuI/II paddle-

wheels. The radical stability of HKUST-1, as first demon-

strated by Pöppl and co-workers,48 was recently revisited

by Volkmer and co-workers, with the Cu· · ·Cu paddlewheels

showing mixed redox catalytic properties.98

Copper catalysis is important because it has cross-

disciplinary relevance to both organic catalysis and biological

systems. Many of these processes are involved in radical sta-

bilisation,99 and this poses interesting challenges for hetero-

geneous development of HKUST-1 and derivatives for more

complex reactions. One illuminating example is an extension

to the work by Stahl and co-workers: the aerobic copper medi-

ated radical oxidation of alcohols to aldehydes, an example is

shown in Figure 5b.100,101 This case has similar function to al-

cohol dehydrogenase with the inclusion of the radical initiator,

TEMPO, which reduces the paddlewheel to a mixed oxidation

state dimer. One possible limitation is the water by-product,

so the reaction would have to be performed in conditions suit-

able for the liberation and reactivation of HKUST-1.

Screening porous frameworks for catalytic redox activity

may be achieved with knowledge of only the energy of the

bound electrons:102 the workfunctions from Figure 4b. The

frontier bands of HKUST-1 are cupric oxide centred, but

the long-range electrostatic potential can result in substantial

shifts with respect to corresponding molecular values, i.e. a

cluster calculation of the cupric oxide paddlewheel may not

reflect the electron energies of the periodic solid. In Figure 6

we present a simple representation of four possible electronic

processes that a reagent may have with the framework. If the

reagent has unoccupied states lower in energy than the frame-

works occupied states, there may spontaneous electron trans-

fer from the valence band to the reagent LUMO (shown in

green); this process will be limited by the instability of CuIII.

A more probably case is the reduction of HKUST-1, if the

reagent has filled states with low binding energy (shown in

tangerine). The two other cases are where the guest molecule

has mid-gap states that are empty (shown in red) or filled

(shown in blue). The former is a simplification of the TCNQ

example described in Figure 4, whilst the latter relies on the

unoccupied states of the framework.

Whilst the redox activity is linked to the absolute electron

energies of the framework, these are not necessarily constant

and can be influenced by changes in structure. Band mod-

ulation may prove to be an important tool for tailored catal-

ysis. This modulation could be achieved physically by con-

trol of pressure, temperature or lattice strain.103 An alternative

chemical route could be through modification of the organic
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and design, whereby modulating the inter-paddlewheel dis-

tances. This could result in an increase in the orbital over-

lap and potentially intra-framework electron transport. The

gauntlet has been thrown down to the experimentalists to re-

alise this challenge. We can however conclude that increasing

the size of the ligand definitively decreases the Cu· · ·Cu den-

sity: such studies are frequent,116 and are equally interesting,

but for other applications than modular conductivity.

‘Rewiring’ the framework. Another method for increasing

conductivity is modifications to the guest electron acceptor

and donor sites. Electronic control of these guests would allow

access to both the valence and conduction bands. Coordina-

tion control could provide a means to direct conductivity along

specific crystallographic directions. Currently only TCNQ has

been shown to increase conductivity in HKUST-1. This is not

because it is unique, but rather because of its dimensions and

that the electron energies coincide with HKUST-1. The same

principles may be extended to any pair of materials.

Porous catalysis. There are many opportunities for novel

catalysis inside MOFs. In the case of HKUST-1, there is

the potential for organic synthesis that is bio-relevant. The

well-defined oxidation and spin states of the Cu· · ·Cu motifs

is desirable and there is scope for chiral catalysis in modi-

fied HKUST-1 analogues. Any material with open-metal sites

can potentially be used to coordinate electron-rich motifs, thus

paving way for heterogeneous catalysis in chemically robust

frameworks.

Chemical capture. Under-coordinated metal sites are ideal

for increasing the local electric fields within a MOF pore. The

Cu· · ·Cu motif is particularly well-suited. The same forces

that attract water and result in decomposition can be used

to capture highly polar molecules like those found in nerve

agents and chemical weapons. Thus, the application of MOFs

for capture of polar molecules is an important variation on

the usual approach that is storage of non-polar species like

methane.117.
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