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ABSTRACT: Previous high-pressure experiments have shown that pressure-transmitting fluids composed of small molecules can 

be forced inside the pores of metal organic framework materials, where they can cause phase transitions and amorphisation and can 

even induce porosity in conventionally non-porous materials.  Here we report a combined high-pressure diffraction and computa-

tional study of the structural response to methanol uptake at high pressure on a scandium terephthalate MOF (Sc2BDC3, BDC=1,4-

benzenedicarboxylate) and its nitro-functionalised derivative (Sc2(NO2-BDC)3) and compare it to direct compression behaviour in a 

non-penetrative hydrostatic fluid, Fluorinert-77. In Fluorinert-77, Sc2BDC3 displays amorphisation above 0.1 GPa, reversible upon 

pressure release, whereas Sc2(NO2-BDC)3 undergoes a phase transition (C2/c to Fdd2) to a denser but topologically-identical poly-

morph. In the presence of methanol, the reversible amorphisation of Sc2BDC3 and the displacive phase transition of the nitro-form 

are completely inhibited (at least up to 3 GPa). Upon uptake of methanol on Sc2BDC3, the methanol molecules are found by diffrac-

tion to occupy two sites, with preferential relative filling of one site compared to the other: grand canonical Monte Carlo simula-

tions support these experimental observations and molecular dynamics simulations reveal the likely orientations of the methanol 

molecules, which are controlled at least in part by H-bonding interactions between guests. As well as revealing the atomistic origin 

of the stabilization of these MOFs against non-penetrative hydrostatic fluids at high pressure this study demonstrates a novel high 

pressure approach to study adsorption within a porous framework as a function of increasing guest content, and so to determine the 

most energetically favorable adsorption sites. 

 

INTRODUCTION 

Porous metal organic framework solids are of great current inter-

est because of their potential applications and their chemical and 

structural variety, which lead directly to novel chemical and phys-

ical properties.1 Their high surface areas, comprising internal pore 

surfaces that offer shape selectivity, variable hydrophobicity, 

accessible cations and organic functional groups, offer well-

defined and readily tuneable materials for molecular uptake, sepa-

ration, storage and delivery, and in some cases catalytic conver-

sion.2,3 Furthermore, their complex structures are in many cases 

responsive to external stimuli such as temperature, light and pres-

sure.4,5 Examination of the structural changes of microporous 

MOFs with increasing pressure is of fundamental interest, because 

it reveals details of bonding within the framework and, where 

ingress of the pressure-transmitting fluid occurs, of framework-

guest (and guest-guest) interactions.  Further, efficient application 

of MOFs at high pressure, for example in gas storage and separa-

tion, and as stationary phases in HPLC, will also require an under-

standing of the effect of high pressures on both framework and 

framework-guest structure.6 

Diffraction studies, both X-ray and neutron, have yielded im-

portant information on both the response of frameworks to ad-

sorption and the binding sites of guest molecules.7-9 Where possi-

ble, single crystals have been studied because of the greater 

amount of structural data they afford, although there remains a 

relative paucity of structural data concerning adsorbate location in 

MOFs, so that even for molecules such as CO2 that are of great 

current interest, only 66 entries within the Cambridge structural 

database exist (November 2012 release).10  Even fewer studies 

have examined the response of single crystals of MOFs to high 

liquid pressures, because more specialised diamond anvil cell 

(DAC) apparatus is required, though recent computational studies 

have been performed.11  Previously, the crystal structures of the 

porous MOFs MOF-5 (zinc terephthalate), Cu-BTC (copper tri-

mesate) and the zinc zeolitic imidazolate framework ZIF-8 have 

been measured between 1-3 GPa (ca 10,000-30,000 bars), with 

more dense MOFs such as ZAG-4 (Zn(HO3PC4H8PO3H)·2H2O) 

have been studied to much higher pressure (ca 100,000 bars).12-15   

In these studies, the sample (single crystal or polycrystalline pow-

der) was loaded into the DAC chamber and surrounded by either 
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Fluorinert FC-77 (a mixture of perfluorooctane (C8F18) and per-

fluorooxacyclononane (C8F16O)), diethylformamide, a 4:1 by 

volume mixture of methanol:ethanol, or a 16:3:1 metha-

nol:ethanol:water mixture as hydrostatic liquids.  Initial applica-

tion of pressure to all three MOFs using a hydrostatic liquid com-

prising molecules small enough to enter the pores caused the 

frameworks to expand.  Increasing pressure further resulted in 

more solvent molecules entering the pores, causing them to be-

come ‘super-filled’ with guest molecules, although with an asso-

ciated decrease in the unit cell volume from its maximum value. 

However, because of the large size of the cages present in MOF-5, 

Cu-BTC and ZIF-8, and the inherent disorder in the location of 

the adsorbate molecules, it was not possible to determine atomic 

positions of the adsorbed molecules in these cases. 

  The scandium terephthalate MOF, scandium 1,4-

benzenedicarboxylate (Sc2BDC3) has a 3D framework structure, 

unique to this trivalent metal, with a high density of BDC groups 

linking isolated ScO6 octahedra.16  Projected down the a-axis in 

the orthorhombic (room temperature) form of Sc2BDC3, the trian-

gular channels (ca. 4 Å in free diameter) appear one dimensional 

(Figure 1a), but there are small gaps in the ‘walls’ of these chan-

nels between adjacent BDC ligands.  Two symmetry-independent 

BDC molecules exist; the first is bisected by two perpendicular 2-

fold axes and penetrated by a third (Group 1, Fig. 1b), while the 

other has an inversion centre at the centre of the BDC ring (Group 

2, Fig. 1c).  The windows formed between pairs of Group 1 and 

Group 2 linkers form interconnecting channels along the c- and b-

axis directions respectively, giving rise to a three dimensionally 

porous framework structure. The pores are hydrophobic - after 

synthesis they contain no solvent or water molecules.  The rela-

tively high porosity of Sc2BDC3 and its thermal and chemical 

stability, together with its tendency to form high quality single 

crystals make it a model MOF system for studies of small mole-

cule adsorption. In situ diffraction studies of Sc2BDC3 at low 

temperatures (ca. 230 K) and moderate gas pressures (1 – 5 bar) 

have located small gas molecules such as CO2 and light hydrocar-

bons physisorbed in the pores, and determined that upon CO2 

uptake the structure relaxed to better coordinate the adsorbate 

molecules, with a resultant displacive phase transition and associ-

ated symmetry change (Fddd to C2/c).17 The spatial constraints 

imposed by the narrow pores on the configuration and packing of 

adsorbate molecules are partly responsible for their ordering and 

subsequent accurate location by diffraction. A similar approach, 

in which compounds have been adsorbed into MOFs and their 

structure determined as part of the resultant guest-host complex 

has recently been exploited to determine the molecular structure 

of compounds available only on the nanogram scale or which 

cannot readily be crystallised.18 

  Here we report structural studies of Sc2BDC3 at very high pres-

sures in the presence of different hydrostatic liquids that are either 

non-penetrative (fluorinated hydrocarbon) or adsorbing (metha-

nol). Whereas the empty structure shows reversible amorphisation 

at elevated pressures, the methanol-containing structure is greatly 

stabilised, and is the first ‘high pressure’ example where the ad-

sorbates are located crystallographically and the host-guest and 

guest-guest interactions explored and elucidated by complemen-

tary computer simulation.  

It is also possible to prepare single crystals of the nitro-

functionalised analogue of this structure, Sc2(NO2-BDC)3 by di-

rect synthesis. The presence of the bulky nitro groups causes the 

framework to distort to monoclinic C2/c symmetry to accommo-

date them, with associated reduction in the free space. The nitro 

groups block the channels to N2 uptake at 77 K, but permit some 

uptake of CO2 at 273 K.16  Our high pressure studies of this nitro-

functionalised scandium MOF show very different behaviour to 

that of the unfunctionalized form, for it undergoes a high pressure 

phase transition that results in a strong volume decrease when 

empty, but this is inhibited by methanol uptake over the pressure 

range explored.  

Taken together, these high-pressure structural studies of the parent 

and the functionalised Sc2BDC3 MOF represent the first ever 

reported inclusion of ordered guest molecules into the pores of a 

MOF as a function of high-pressure, and reveal both the atomistic 

ordering of adsorbates in the pores and the resulting stabilisation 

of frameworks against major structural changes.  

 

 

 

 

 

Figure 1. (a) Triangular pores formed in Sc2BDC3 viewed along 

the a-axis.  Disordered methanol molecules are represented by 

solid red (Site 1) and blue (Site 2) coloured molecules.  Openings 

between triangular channels of Sc2BDC3 between (b) Group 1 and 

(c) Group 2 ligands as viewed along the c and b-axes, respective-

ly.  Key: C, grey; ScO6 octahedra, green; O, red; H, light grey.   

 

(a) 

(b) 

(c) 
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EXPERIMENTAL 

Single crystals of Sc2BDC3 and its nitro-derivative were prepared 

via solvothermal and hydrothermal routes, respectively.16,19  Crys-

tals of Sc2BDC3 and Sc2(NO2-BDC)3 were loaded individually 

into a modified Merrill-Bassett diamond anvil cell (DAC) along 

with a ruby crystal (to act as a pressure calibrant).  Both crystals 

were surrounded with a liquid in order to ensure pressure was 

applied hydrostatically to the crystals.  In the first experiments on 

each crystal type, high-pressure experiments were performed 

using a non-penetrating hydrostatic medium, the fluorinated hy-

drocarbon Fluorinert FC-77 (a mixture comprised of perflourooc-

tane (C8F18) and perflourooxacyclononane (C8F16O)) whereas a 

second set of experiments were performed using methanol as the 

pressure medium, which was found to enter the pore system of 

these MOFs.  For comparison, the structure of Sc2BDC3 was also 

measured at room temperature when immersed in liquid methanol 

without externally applied pressure. In addition, the adsorption 

(and desorption) isotherms of methanol from the vapour phase 

was measured on a Hiden IGA2 gravimetric analyser for Sc2BDC3 

and Sc2(NO2-BDC)3 at 303 K and 298 K up to the saturation pres-

sures at these temperatures. 

  Complementary grand canonical Monte Carlo (GCMC)20 simu-

lations were performed in order to study the order in which ad-

sorption sites are filled by methanol molecules in Sc2BDC3, while 

molecular dynamics17 simulations were performed in order to 

elucidate the pore filling mechanism.  For more details see the SI. 

RESULTS AND DISCUSSION 

Compression of Sc2BDC3 using Fluorinert FC-77.  On loading 

a crystal of Sc2BDC3 in Fluorinert FC-77 to 0.1 GPa, the unit cell 

volume decreases by 39 Å3 (0.6 %) compared to the ambient pres-

sure ‘empty’ structure. On increasing the pressure further to 0.4 

GPa, a crystalline-to-amorphous phase transition took place which 

was accompanied by an optical change in the crystal from colour-

less to opaque (Fig. 2a). The Raman spectra collected within the 

fingerprint region of the spectra (100 to 1300 cm-1) were almost 

identical (Fig. S1), which suggests that the local structure of 

Sc2BDC3 in the amorphous phase is retained. The pressure was 

released to ambient pressure and the crystal returned from opaque 

to colourless (Fig. 2b).  Single-crystal X-ray diffraction data col-

lected on the recovered crystal confirmed that the amorphization 

was fully reversible, with the structure reverting back to the origi-

nal crystalline phase. The fact that the transition is reversible fur-

ther supports the assumption that the framework remains intact 

during the transition. The phenomenon of pressure-induced amor-

phization has been known for several years, with amorphous ice 

being the most well-known example.21 Reversible pressure-

induced amorphization has been observed previously in zeolites 

which have the LTA structure type22 and inorganic materials such 

as CsAuI3
23 and Ge2Sb2Te5

24. More recently, the reversible pres-

sure-induced amorphization of the dense zeolitic imidazole 

framework ZIF-4 ([Zn(Im)2], Im = imidazolate) was observed 

between 0.35-0.98 GPa for the evacuated sample, or 1.49-4.54 

GPa for the solvent-containing sample.25 The compressibility 

behaviour observed here in Sc2BDC3 is therefore very similar to 

that observed in ZIF-4, with the crystalline-amorphous phase 

transition observed upon direct compression of the bare frame-

work at low pressures (ca. < 1 GPa; similar to the evacuated sam-

ple of ZIF-4). Not all MOFs exhibit reversible crystalline-

amorphous transitions. In ZIF-8 and MOF-5, amorphization is 

irreversible.26,27 The smaller pore nature (and higher density) of 

Sc2BDC3 would therefore appear to afford it some resilience to 

amorphization at lower pressures on directly compressing the 

crystalline phase.  This is clearly an area worth investigating fur-

ther as irreversible transitions tend to have a detrimental effect on 

the adsorption capabilities of MOFs, but this is outside the scope 

of this study. 

 

Figure 2. Optical image of Sc2BDC3 (lower crystal) loaded in 

Fluorinert FC-77 at (a) 0.40 GPa and (b) 0.10 GPa after decom-

pression. The colourless crystal sitting above Sc2BDC3 is a chip of 

ruby, which is used as a pressure calibrant. 

 

Compression of Sc2BDC3 using Methanol.  Upon immersion of 

a crystal of Sc2BDC3 in methanol without added pressure (in a 

capillary), the unit cell expanded as methanol diffused into the 

framework (Table 1, Fig 1a).  The density of methanol modelled 

in the pores equates to an uptake of 3.3 mmol g-1, in reasonable 

agreement with the experimental isotherm which shows a reversi-

ble uptake of ≈ 4 mmol g-1 (or 1.2 molecules per triangular ‘chan-

nel’, Fig. S2).    

  A separate single crystal was then loaded into a DAC using 

methanol as the hydrostatic liquid.  On loading to 0.3 GPa, the 

unit cell volume expanded further, as a result of additional metha-

nol being forced into the porous framework at a higher concentra-

tion (Table 1).  Although the inclusion of small molecules has 

been observed before in the pores of much larger MOFs (with 

nano-sized cavities) at high-pressure, these did not give ordered 

sites in the pores.13,14,28   Expansion of the framework continued 

to 0.6 GPa, with the unit cell volume increasing by 41.4 Å³ 

(0.7%).  On further increasing the pressure to 1.1 GPa, the volume 

began to decrease, with the cell volume continuously decreasing 

until the maximum pressure of 3.0 GPa was reached (Fig. 3a).  

The compressibility of the unit cell dimensions is strongly aniso-

tropic (Figs S3 to S5) so that while the a-axis follows the same 

trend as the unit cell volume, showing an initial increase up to 1.1 

GPa, followed by a continuous decrease to 3.0 GPa, both the b 

and c-axes decrease in length for the entirety of the increasing 

pressure regime. 

 

Table 1. Number of methanol molecules, methanol density, occu-

pancy of Site 1 and Site 2 methanol molecules (calculated using 

the SQUEEZE algorithm) in Sc2BDC3 are shown.  Freely refined 

occupancies from the model are given in Table S1 in the ESI.  

The 0.0 GPa data set refers to Sc2BDC3 which was ‘immersed’ in 

methanol at ambient pressure at 298 K. 

   

The anisotropic compression of the unit cell dimensions (and 

volume) can be explained by analysing the uptake of methanol 

Pressure 

(GPa) 

Total No. 

of MeOH 
molecules 

/unit cell 

MeOH 

density 

(gcm-1) 

Occupancy of 

Site-1 MeOH 

molecules 

Occupancy of 

Site-2 MeOH 

molecules 

0.0 9 0.23 0.5 0.39 

0.3 32 0.76 1.0 0.49 

0.6 39 0.91 1.0 0.71 

1.1 41 0.96 1.0 0.79 

1.4 38 0.92 1.0 0.69 

1.6 42 1.01 1.0 0.80 

2.3 39 0.98 1.0 0.75 
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molecules within the pores of Sc2BDC3. On initially surrounding 

the sample with methanol at ambient pressure, the guest mole-

cules occupy two distinct sites, though the identity of the non-

hydrogen atoms could not be identified. Site 1 (Fig. 1a&b) is only 

half occupied at ambient pressure (and disordered about a 2-fold 

axis).  Pairs of Site 1 methanol molecules sit on either side of the 

‘gaps’ formed between Group 1 ligands.  Site 2 is also only par-

tially occupied at ambient pressure and is located on either side of 

the ‘gaps’ between Group 2 ligands (Fig. 1a & c).  Site 1 and Site 

2 molecules occupy the channels which run along the a-axis, re-

sulting in a stacking of methanol molecules along the principal 

pore direction (Fig. 1).  The a-axis expands on uptake of metha-

nol, so it appears that the filling of both sites and subsequent 

stacking of methanol molecules along the pore direction is re-

sponsible for the expansion of the a-axis and contraction along the 

b and c-axes.  Such behaviour in materials is often termed nega-

tive linear expansion, as commonly seen in ‘wine-rack’ (or simi-

lar) framework topologies.29    

Inclusion of methanol molecules does not result in a change of 

symmetry, unlike the transition from Fddd to C2/c on uptake of 

CO2 guest molecules observed previously.  On increasing pressure 

to 0.3 GPa, Site 1 becomes fully occupied, while the Site 2 occu-

pancy also increases (to 0.5).  On increasing pressure above 0.3 

GPa, the occupancy of Site 2 molecules continues to increase, 

reaching a peak occupancy of 0.8 at 1.1 GPa.  Increase of the a-

axis (and volume expansion) continues to 0.6 GPa as more meth-

anol molecules occupy Site 2.  The non-hydrogen atom bonding 

distances between pairs of Site 1 (2.701 Å) and Site 2 (2.422 Å) 

molecules at 0.6 GPa is in the range of H-bonding interaction 

distances observed for hydroxyl groups in the solid state, although 

the guest-guest distance between pairs of Site 2 molecules is to-

wards the lower end of this range.  The minimum O…O distance 

in methanol crystallised at 4.0 GPa (ca. 40,000 bars), for example, 

measures 2.425 Å.30  We postulate that the increased uptake at 

higher pressures, resulting in short guest-guest contact distances is 

the reason why Site 2 is not readily fully occupied.   

Contraction of both the a-axis and volume starts to occur above 

0.6 GPa, where the swelling effect caused by continuous inclusion 

of methanol molecules stacking along the a-axis is overcome.  

Instead, compression of the a-axis, and therefore volume reduc-

tion, is favoured.  No appreciable increase in methanol density is 

observed above 1.1 GPa, and therefore direct compression of the 

framework takes place to 3.0 GPa. Amorphization of Sc2BDC3 in 

methanol does not take place up to 3.0 GPa.  This behaviour is not 

dissimilar to that of MOF-5, where the onset of amorphization can 

be delayed by guest inclusion, with MOF-5 becoming amorphous 

above 3.2 GPa upon hydrostatic compression using diethylfor-

mamide as a hydrostatic medium.13 More recently, in a high pres-

sure study of the flexible framework NH2-MIL-53-(In), guest 

inclusion also occurs and pressure-induced amorphization does 

not take place until >20 GPa.31 

  GCMC simulations were performed in order to understand site 

filling by methanol molecules in Sc2BDC3 and to determine 

whether the orientations (C and O positions) of the methanol mol-

ecules can be determined. Density distributions of adsorption sites 

were obtained as a function of loading for the structures obtained 

at ambient pressure, and 0.6 GPa, in order to elucidate whether 

any subtle changes in the framework at higher pressures gave rise 

to preferential adsorption sites, as seen previously for CO2 in 

Sc2BDC3. No differences were observed (see Figure S6), so that 

only the simulations on the structure determined at 0.6 GPa are 

shown here.  At low loading in both the ambient and 0.6 GPa 

structures, methanol molecules are preferentially adsorbed at Site 

1 (Figure 4). As loading increases to 21 molecules/unit cell 

(mol./uc.), Site 1 becomes saturated, and adsorption of methanol 

molecules at Site 2 begins in both the ambient and 0.6 GPa struc-

tures.  A further increase in loading (beyond 32 mol./uc.) results 

in a greater uptake of methanol molecules at Site 2.  The pore 

filling order of both sites would therefore appear to match the 

order of uptake of methanol molecules observed in our high pres-

sure experiments, and is independent of any subtle changes in the 

framework at elevated pressures. 

  

 

Figure 3a. Unit cell volume of Sc2BDC3 in methanol and Fluo-

rinert FC-77 as a function of pressure.  The open diamond refers 

to the ambient structure surrounded with MeOH in a capillary. 

 

 

Figure 3b. Unit cell volume of Sc2(NO2-BDC)3  in methanol 

(blue squares) and Fluorinert FC-77 (red squares) as a function of 

pressure (Closed red squares, C2/c structure; open red squares, 

Fdd2 structure, with unit cell halved for comparison with mono-

clinic structure). 

 

In an effort to further elucidate the pore filling mechanism and 

examine further guest-guest interactions, molecular dynamics 

simulations were performed using the framework Sc2BDC3 struc-

ture measured when immersed in methanol, as well as for each of 

the structures in Table 1, at a loading of 39-41 mol./u.c. This cor-

responds to a fully saturated framework, with three methanol 

molecules per pore.   

In order to determine whether the adsorbed molecules interact 

with each other through hydrogen bonds, radial distribution func-

tions were calculated from the molecular dynamics simulations by 

analysing the distances between the oxygen and hydroxyl H-

atoms of different molecules of adsorbed methanol, and H-bonds 

were located in the MD snapshots.  Such an analysis should de-

termine the origin of the preferred uptake in Site 1, as well as 

suggesting the most likely orientation of methanol molecules in 

the sites, because it was not possible to distinguish CH3 and OH 

groups by XRD. Therefore, we determined site specific radial 

distribution functions distinguishing between atoms in pairs of 

methanol molecules with the following locations: Site 1-Site 1; 

Site 2-Site 2, Site 1-Site 2). Only distances between atoms of 

5800

5900

6000

6100

6200

6300

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

V
o

lu
m

e
 (

Å
³)

Pressure (GPa)

Sc2BDC3-
MeOH
Sc2BDC3-
FC77

2500

2600

2700

2800

2900

3000

3100

3200

0 1 2 3 4

V
o

lu
m

e
 (

Å
³)

Pressure (GPa)



5 

 

different molecules were examined. Similar results were observed 

for all high-pressure data sets – only the results obtained by mod-

elling using the framework positions determined in contact with 

0.6 GPa of methanol are shown here (Figure 5).   

 

Figure 4.  Density distribution plots for the adsorption of metha-

nol in Sc2BDC3. Each plot shows the locations of methanol mole-

cules adsorbed at a particular loading. Each dot represents the 

position of the centre of mass of a molecule during the GCMC 

simulation. Red and blue regions denote adsorption at Site 1 and 

Site 2 respectively.   

 

For three of the four atomic pairs analysed, the separation distance 

between oxygen and hydrogen atoms lies between 1.50 and 2.25 

Å, characteristic for hydrogen bonds (Figure 5). The highest oc-

currence of hydrogen bonds occurs between pairs of Site 1 meth-

anol molecules. Methanol molecules adsorbed on Site 2 are equal-

ly likely to form hydrogen bonds with other Site 2 molecules and 

also with hydrogen atoms of methanol molecules adsorbed within 

the same pore at Site 1. By contrast, oxygen atoms of methanol 

molecules adsorbed on Site 1 only rarely form hydrogen bonds 

with hydrogen atoms of methanol molecules at Site 2.  The pres-

ence of hydrogen bonds of type Site 1-to-Site 1, Site 2-to-Site 2, 

and Site 2-to-Site 1 is illustrated in the simulation snapshot of the 

‘immersed’ ambient pressure structure (Figure 6).  Site 1 metha-

nol molecules exhibit a strong preference for hydrogen bonding to 

other Site 1 molecules, indicating that the arrangement of frame-

work atoms near Site 1 is more conducive to hydrogen bond for-

mation than the geometry at Site 2. The snapshot also suggests 

that orientation of methanol C and O atoms with the O atoms 

closer to the gaps (and other Site 1 methanol molecules) is fa-

voured. The high incidence of hydrogen bonds between pairs of 

Site 1 molecules increases the site stability and results in a prefer-

ential filling of Site 1. By contrast, methanol molecules adsorbed 

at Site 2 are able to form hydrogen bonds less frequently, and 

exhibit no preference in interacting with Site 1 or Site 2 methanol 

molecules.  

 

 

Figure 5. Radial distribution functions for methanol molecules 

adsorbed in Sc2BDC3.  Site 1 O corresponds to the O-atom of a 

methanol molecule adsorbed on Site 1, Site 2 H to the OH group 

H-atom of a methanol molecule adsorbed on Site 2, and so on. 

 

Compression of Sc2(NO2-BDC)3 using Fluorinert FC-77.  In 

order to determine the effect of derivatising the terephthalate link-

er on the uptake of guest molecules at pressure, the effect of pres-

sure on Sc2(NO2-BDC)3 was also studied.  At ambient pressure 

and temperature, Sc2(NO2-BDC)3 crystallises in the monoclinic 

space group C2/c; a = 8.6786(3) Å, b = 34.4286(13) Å, c = 

11.0628(4) Å, β = 110.482(2)° and V = 3096.4(2) Å3.  Topologi-

cally, the framework is very similar to the native Sc2BDC3 struc-

ture composed of the same 1D channels (Fig. 7).  The NO2 group 

however is disordered over two positions by an inversion centre 

(Group 1) and by a two-fold rotation axis (Group 2). This results 

in the orthorhombic Fddd symmetry being broken with a smaller 

aperture formed between pairs of Group 1 and Group 2 ligands. 

In order to ascertain whether a crystalline-to-amorphous phase 

transition is observed in Sc2(NO2-BDC)3 at high pressure (as was 

observed with Sc2BDC3), and to de-convolute the effect of pres-

sure and solvent inclusion, a separate high-pressure experiment 

was carried out on Sc2(NO2-BDC)3 using Fluorinert FC-77.  On 

increasing pressure from ambient to 0.3 GPa, direct compression 

of the framework occurs, and is reflected in the compressibility of 

all three axes and the volume (Fig. 3b, and Fig. S8 to S10).  On 

increasing pressure further to 0.8 GPa, a single-crystal to single-

crystal phase transition occurs with a resulting crystallographic 

symmetry change from space group C2/c to Fdd2 ; 19.610(6) Å, b 

= 32.864(8) Å, c = 8.6757(16) Å and V = 5591(2) Å3.  The new 

phase (Sc2(NO2-BDC)3-HP), is formed by a rotation of the ScO6 

octahedra and is characterized by a drastic distortion (and col-

lapse) of the 1-D porous channels (Fig. 7).  Above 0.8 GPa, the 

framework volume continued to reduce with the compressibility 

decreasing with increasing pressure. Above 2.6 GPa, the sample 

underwent an irreversible amorphization. This amorphization 
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pressure for the nitro-form is much higher than that for Sc2BDC3 

(0.4 GPa), indicating the stabilisation effect of the presence of the 

bulk nitro group. The compressibility of the Sc2(NO2-BDC)3-HP 

phase is anisotropic, with the ≈ 8 Å axis (previously the a-axis in 

Sc2(NO2-BDC)3) actually increasing (modestly by 0.03 Å) in 

length between 0.8 to 2.2 GPa. Unlike the guest-driven increase in 

the ≈ 8 Å a-axis observed before for the native Sc2BDC3, the in-

crease here is actually caused by a continued tilting of the ScO6 

octahedra to higher pressures.  The gradient of the unit cell com-

pression decreases in Fluorinert FC-77 as a function of pressure as 

the sample becomes less compressible with increasing pressure 

(Fig 3b).  This behaviour is typical for molecular materials where 

direct compression takes place. 

 

 

 

Figure 6. Arrangement of methanol molecules within Sc2BDC3 

from the immersed ambient pressure structure coordinates.   Mol-

ecules adsorbed at Site 1 are shown in blue, while molecules ad-

sorbed at Site 2 are shown in orange. Hydrogen bonds are indicat-

ed using red dashed lines. 

 

Compression of Sc2(NO2-BDC)3 using Methanol.  On initially 

loading a crystal of Sc2(NO2-BDC)3 to 0.21 GPa using methanol 

as the hydrostatic medium, the unit cell volume decreased by 

32.69 Å³ (0.52 %, Fig. 3b). Increasing pressure further to 0.9 GPa, 

the volume continued to decrease, above 0.9 GPa, a volume de-

crease is observed which continued to 3.3 GPa. Unfortunately, 

unlike the unfunctionalized Sc2BDC3 sample, the high-pressure 

data was not of high enough quality to be able to extract atomic 

structural information on the pore contents, nor model the uptake 

of solvent. Nevertheless, the contrasting compression behaviour 

when compared with a non-penetrative hydrostatic fluid (Figure 

3b) indicates that methanol uptake does occur, and that its inclu-

sion stabilises the framework against structural transition and very 

rapid volume decrease (as observed in Fluorinert).  On increasing 

pressure to 0.2 GPa, and then further to 0.9 GPa, the a-axis in-

creases (by 0.11%), while the b and c-axes both decrease by 0.13 

and 0.28% respectively (Fig. S11 to S13). This behaviour is simi-

lar in type to that of Sc2BDC3 in methanol, where the axis along 

which the porous channels of the framework run (which is also 

the ≈ 8 Å a-axis), increases in length. The increase in length of the 

a-axis in Sc2(NO2-BDC)3, is much less drastic and this reflects the 

lower uptake.  This is unsurprising considering the presence of the 

bulky NO2 side groups, with the overall effect of pressure causing 

a volume reduction to 0.9 GPa, rather than expansion which is 

observed in Sc2BDC3 to 0.6 GPa.  This result is also consistent 

with the methanol adsorption isotherm under ambient pressure 

conditions, which shows a significantly reduced uptake of metha-

nol compared to the native Sc2BDC3 (Fig S2). 

 

Figure 7. Structural phase transition of Sc2(NO2-BDC)3 (upper 

figure) to Sc2(NO2-BDC)3-HP (lower figure) at 0.8 GPa. Note: the 

ScO6 octahedra tilt causing the collapse of the porous network. 

Colour scheme: O, red; C, grey; N, blue and ScO6 octahedra, 

green. 

 

Above 0.9 GPa, the a-axis (and volume) contracts more rapidly. 

This behaviour is typical of porous MOFs which display two re-

gions of different compressibility.  In Cu-BTC, this transitional 

behaviour was attributed to hyperfilling of the pores by the hydro-

static liquid followed by a sudden emptying of the pores at higher 

pressures, resulting in a material which becomes more compressi-

ble at higher pressures.14,28  We, however cannot conclude that 

this occurs in Sc2(NO2-BDC)3, as similar behaviour is observed in 

Sc2BDC3, where the methanol content actually reached saturation 

by 1.1 GPa, and remains in the pores until at least 2.3 GPa, de-

spite clearly showing two regions of different compressibility.  

Until now, it has not been possible to measure the uptake of meth-

anol above 2.3 GPa in Sc2(NO2-BDC)3, and further work is re-

quired to ascertain whether guest uptake increases, decreases or 

reaches a plateau at the higher pressures.   

CONCLUSIONS 

The compressibility of both Sc2BDC3 and Sc2(NO2-BDC)3 MOFs 

are highly sensitive to the pressure-transmitting medium used. For 

Sc2BDC3 in Fluorinert FC-77, the molecules are too bulky to pen-

etrate the pore volume and so the framework compresses upon 

(a) 

(b) 
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loading to 0.1 GPa.  Increasing the pressure further to 0.4 GPa 

results in a crystalline-to-amorphous phase transition which is 

fully reversible. Raman spectroscopy suggests that loss of crystal-

linity is possible without bond breaking.  Using methanol as a 

medium, molecules enters the pores of Sc2BDC3, and can be lo-

cated in two distinct sites, Sites 1 and 2.  The first is filled by 0.3 

GPa: upon increasing pressure, the occupancy of the less favoura-

ble Site 2 increases as more methanol molecules are forced into 

the pores until a maximum uptake is observed at ≈ 1.1 GPa.  The 

crystallinity of Sc2BDC3 is retained during methanol-mediated 

compression up to 3.0 GPa, well beyond the limit when no further 

methanol uptake occurs.  This behaviour was further investigated 

using both GCMC and molecular dynamics simulations, which 

further supported the order of inclusion of adsorbed methanol 

molecules, filling Site 2 at higher pressures. The propensity for 

hydrogen bonding was also investigated, and indicates that H-

bonding interactions occur between molecules in each site and 

that H-bonding between adjacent Site 1 molecules helps orient the 

methanol molecules. 

The pore volumes in Sc2(NO2-BDC)3 are smaller than those in 

Sc2BDC3 due to the nitro groups.  This alters the way in which the 

unit cell volume changes in order to accommodate increasing 

pressure.  As is the case with Sc2BDC3, compressing Sc2(NO2-

BDC)3 to 0.4 GPa in Fluorinert FC-77 resulted in direct compres-

sion of the framework, but increasing the pressure further to 0.8 

GPa resulted in a single-crystal to single-crystal phase transition 

(C2/c to Fdd2) with a concomitant distortion of the 1-D porous 

channels. Between 0.8 and 2.6 GPa, the framework showed con-

tinued reduction in volume with the compressibility decreasing 

with increasing pressure. Above 2.6 GPa, the sample underwent 

an irreversible amorphization, though the pressure at which this 

happens is 6.5 times greater than that for the unfunctionalised 

Sc2BDC3, demonstrating the increased stability of the crystalline 

phase of the framework containing the derivatised BDC ligand.  

In Sc2BDC3, the pressure-induced inclusion of methanol caused a 

swelling of the unit cell whereas in Sc2(NO2-BDC)3 we only see a 

decrease in volume: it is likely that the uptakes of methanol is 

much lower. The high-pressure data for Sc2(NO2-BDC)3 is not of 

high enough quality to extract pore content information, but 

methanol uptake in Sc2(NO2-BDC)3 is observed at ambient pres-

sures and can be inferred at high pressures from the increase in 

stability of the C2/c phase and its compressibility behaviour. 

ASSOCIATED CONTENT  

Supporting Information. Electronic Supplementary Information 

(ESI) available: Crystallographic Information Files (CIFs), exper-

imental methods and supplementary compression data. This mate-

rial is available free of charge via the Internet at 

http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

*s.moggach@ed.ac.uk 

ACKNOWLEDGMENTS  

We thank the Royal Society of Edinburgh and the Scottish Gov-

ernment for a fellowship to Dr Stephen A. Moggach and the 

EPSRC for a Postdoctoral Prize for Dr. John Mowat. We also 

thank the EPSRC (EP/J02077X/; EP/F009208/1), and The Lever-

hulme Trust for financial support through a research project grant. 

REFERENCES 

  (1) Zhou, H.-C.; Long, J. R.; Yaghi, O. 

M. Chem. Rev. 2012, 112, 673. 

 (2) Čejka, J. Angewandte Chemie International 

Edition 2012, 51, 4782. 

 (3) Mitchell, L.; Gonzalez-Santiago, B.; Mowat, 

J. P. S.; Gunn, M. E.; Williamson, P.; Acerbi, N.; Clarke, M. L.; 

Wright, P. A. Catalysis Science & Technology 2013, 3, 606. 

 (4) Feng, P. L.; Leong, K.; Allendorf, M. D. 

Dalton Transactions 2012, 41, 8869. 

 (5) Modrow, A.; Zargarani, D.; Herges, R.; Stock, 

N. Dalton Transactions 2011, 40, 4217. 

 (6) Zhang, M.; Pu, Z.-J.; Chen, X.-L.; Gong, X.-

L.; Zhu, A.-X.; Yuan, L.-M. Chemical Communications 2013, 49, 

5201. 

 (7) Couck, S.; Gobechiya, E.; Kirschhock, C. E. 

A.; Serra-Crespo, P.; Juan-Alcañiz, J.; Martinez Joaristi, A.; 

Stavitski, E.; Gascon, J.; Kapteijn, F.; Baron, G. V.; Denayer, J. F. 

M. ChemSusChem 2012, 5, 740. 

 (8) Wu, H.; Simmons, J. M.; Srinivas, G.; Zhou, 

W.; Yildirim, T. The Journal of Physical Chemistry Letters 2010, 

1, 1946. 

 (9) Xiang, S.; He, Y.; Zhang, Z.; Wu, H.; Zhou, 

W.; Krishna, R.; Chen, B. Nat Commun 2012, 3, 954. 

 (10) Allen, F. H.; Motherwell, W. D. S. Acta 

Crystallographica Section B 2002, 58, 407. 

 (11) Ma, Q.; Yang, Q.; Ghoufi, A.; Ferey, G.; 

Zhong, C.; Maurin, G. Dalton Transactions 2012, 41, 3915. 

 (12) Gagnon, K. J.; Beavers, C. M.; Clearfield, A. 

Journal of the American Chemical Society 2013, 135, 1252. 

 (13) Graham, A. J.; Allan, D. R.; Muszkiewicz, A.; 

Morrison, C. A.; Moggach, S. A. Angew. Chem., Int. Ed. 2011, 

50, 11138. 

 (14) Graham, A. J.; Tan, J.-C.; Allan, D. R.; 

Moggach, S. A. Chem. Commun. 2012, 48, 1535. 

 (15) Moggach, S. A.; Bennett, T. D.; Cheetham, A. 

K. Angewandte Chemie International Edition 2009, 48, 7087. 

 (16) Mowat, J. P. S.; Miller, S. R.; Griffin, J. M.; 

Seymour, V. R.; Ashbrook, S. E.; Thompson, S. P.; Fairen-

Jimenez, D.; Banu, A.-M.; Düren, T.; Wright, P. A. Inorganic 

Chemistry 2011, 50, 10844. 

 (17) Miller, S. R.; Wright, P. A.; Devic, T.; Serre, 
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