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In this study adsorption microcalorimetry is employed to monitor the adsorption of four probes (argon, oxygen, nitrogen and carbon monox-
ide) on a highly flexible mesoporous metal-organic framework (DUT-49, DUT = Dresden University of Technology), precisely measuring the
differential enthalpy of adsorption alongside high-resolution isotherms. This experimental approach combined with force field Monte Carlo
simulations reveals distinct pore filling adsorption behaviours for the selected probes, with argon and oxygen showing abrupt adsorption
in the open pore form of DUT-49, in contrast with the gradual filling for nitrogen and carbon monoxide. A complex structural transition
behaviour of DUT-49 observed upon nitrogen adsorption is elucidated through an isotherm deconvolution in order to quantify the fraction of
the open pore, contracted pore and intermediate pore forms that coexists at a given gas pressure. Finally, the heat flow measured during the
guest-induced structural contraction of DUT-49 allowed an exploration of complex open-contracted pore transition energetics, leading to a
first assessment of the energy required to induce this spectacular structural change.
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1. Introduction1

Framework rigidity upon adsorption is still a common assump-2

tion applied to porous materials. Although adsorbate-induced3

structural changes of host frameworks were revealed more4

than 90 years ago1, the advent of precisely-tuneable compli-5

ant adsorbents which can respond to diverse stimuli such as6

guest loading2–4, temperature5 or mechanical pressure6–9 has7

sparked tremendous scientific curiosity. The family of porous8

hybrid materials, namely metal-organic frameworks (MOFs),9

has been instrumental in furthering the possibility space of10

flexible adsorbents10–13, in part due to the structural control11

afforded by their building blocks and regular crystalline nature.12

Various flexible behaviours of their architectures such as gate13

opening14, pore collapse15, breathing16 and swelling17 have14

been observed.15

DUT-49 (Dresden University of Technology No. 49) is a16

member of the flexible MOF family, constructed of metal-17

organic polyhedra (MOP) interconnected in an fcu topology,18

resulting in a hierarchical pore size distribution and a high19

surface area (in excess of 5400 m2/g)18. Besides these struc-20

tural features, DUT-49 has shown the ability to suddenly21

switch from its initial open pore (op) form to a contracted22

pore (cp) version upon gas adsorption, simultaneously eject-23

ing part of the guest molecules from its crystal structure, as24

illustrated in Fig. 1. This behaviour leads to an increase of25

gas pressure in the containing enclosure and has been dubbed26

“negative gas adsorption”, or NGA, owing to its counterintu-27

itive nature19. The micromechanical and energetic principles28

Electronic Supplementary Information (ESI) available: one PDF file with all referenced supporting
information.

underpinning this unexpected behaviour were identified com- 29

putationally20–22 as adsorption stress-induced linker buckling, 30

leading to a structural transition between metastable equi- 31

librium states. More recently, several derivative materials 32

were synthesised through an isoreticular approach, with longer 33

central struts shown to increase the predisposition towards 34

flexibility23 and more general rules for adsorption-induced 35

contraction were investigated in a simplistic slit-pore model22. 36

However, a complete understanding of the system has yet to 37

be achieved, in particular regarding the guest and temperature 38

dependence of the structural contraction, both variables being 39

intimately linked to the strength of the host/guest interactions 40

as well as to the energetics of the structural transition, insofar 41

never determined experimentally. 42

Microcalorimetry is a powerful technique which allows a 43

direct in situ monitoring of the energetics of adsorption as a 44

function of guest uptake. Here, the differential enthalpy of 45

adsorption is evaluated concurrently with the isotherm, per- 46

mitting an accurate assessment of combined host/guest and 47

guest/guest interactions. When the porous material undergoes 48

a guest-induced structural transition, the additional energy 49

generation or consumption of the host transition contributes 50

to the total heat flow, increasing or lowering the amount of 51

heat recorded by the microcalorimeter, respectively24. For 52

DUT-49 it is known that the increased interactions between 53

the guests and the cp phase due to a more confined environ- 54

ment allow for its stabilisation, at least until the penalty of 55

guest expulsion becomes too high20. However, these factors 56

have not been captured experimentally due to the complex 57

energetic landscape. In the following work microcalorimetry 58
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Fig. 1. Schematic of the DUT-49 open pore (op) transition upon gas adsorption to a closed pore (cp) phase, accompanied by expulsion of guest adsorbate from pores, followed
by gradual re-opening at higher pressures. Also represented are the three pore families: octahedral (orange), tetrahedral (blue) and the cuboctahedral metal-organic polyhedral
(green), as well as the corresponding linker shape in the two phases.

and molecular simulations are combined to investigate this59

limit, alongside an in-depth characterisation of adsorption,60

pore filling and energetics.61

Microcalorimetric studies on DUT-49 and its analogues62

have been solely reported at 303 K for n-butane23,25. The63

strong guest-temperature dependence of the op-cp structural64

transition previously observed19,23 calls for the selection of65

multiple probes which would allow for a comparison of the66

MOF switching behaviour outside the temperature range of67

a conventional calorimeter. Here, four model probes (argon,68

oxygen, nitrogen and carbon monoxide) with distinct intrin-69

sic properties were considered at cryogenic temperatures, a70

range where N2 and Ar have been previously shown to in-71

duce the contraction of DUT-4923. A homebuilt Tian-Calvet72

calorimeter which can operate in these conditions was used26,73

in conjunction with a continuous, quasi-equilibrium, adsorbate74

introduction method, allowing for subtle changes in the differ-75

ential enthalpy of adsorption as well as transient phenomena76

to be observed experimentally.77

Using this setup, we were able to obtain not only high-78

resolution isotherms of all studied probes on DUT-49, but also79

to precisely measure the corresponding differential enthalpy80

of adsorption for each probe. These experimental findings81

were corroborated by force field Monte Carlo (MC) simula-82

tions to reveal the similarity and specificity of the probes in83

terms of adsorption behaviours. Additionally, the continuous84

introduction method employed in tandem with the MC calcu-85

lations allowed us to determine for the first time the enthalpy86

of transition between the guest-loaded open and contracted87

forms of DUT-49 and to evidence its guest-dependence. We88

demonstrate that this enthalpy is indeed a function of the89

difference in integral enthalpy of adsorption between the two90

loaded op-cp conformations, shedding further light on the 91

complex energetic landscape of DUT-49 and its host-guest 92

chemistry. 93

2. Materials and Methods 94

2.1. Material. DUT-49 samples used in this study were taken 95

from the same batch, with the synthesis, activation and char- 96

acterization described in detail in a previous publication,27 97

where it is labelled as DUT-49(4). After supercritical CO2 98

activation, samples were stored and transferred under inert 99

atmosphere in an Ar-filled glove box. 100

2.2. Adsorption microcalorimetry. Adsorption microcalorime- 101

try at temperatures below ambient was performed by using 102

a home-made calorimeter in a diving-bell configuration, first 103

described by Rouquerol et al. 26 and further detailed else- 104

where28. In short, the setup consists of a Tian-Calvet differ- 105

ential calorimeter which is immersed in a cryogenic bath at its 106

boiling point (liquid nitrogen for 77 K or argon for 87 K). The 107

bath is refilled as required, to maintain a constant fluid level 108

throughout the experiment. The upper part of the system, 109

containing the automated gas dosing apparatus, is kept in a 110

temperature-controlled enclosure at 303 K. The adsorbent is 111

placed in a J-shaped cell made of borosilicate glass to minimise 112

thermal expansion stress and introduced into the fluid filled 113

Dewar and through the bottom of the differential calorimeter. 114

Good thermal equilibrium between the cell and surrounding 115

thermopile is ensured using a helium blanket in the calorimet- 116

ric enclosure, kept under a small positive pressure through 117

a continuous nominal flow. The experiment starts when the 118

calorimeter signal recedes to baseline (5 µW). A schematic 119

and depiction of the apparatus is provided in Fig. S1. 120
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As observed in previous experiments with DUT-49 and121

nitrogen, argon, methane and n-butane23,25, the commonly-122

employed stepwise dosing method makes difficult an accurate123

pressure control around the critical transition uptake. A pos-124

sible alternative might be the use of very small dosing steps.125

However, this approach would increase the experimental dura-126

tion and decrease the resolution of each step as consecutive127

doses introduce a cumulative error in the pressure measure-128

ment. Furthermore, the local pressure variations during dosing129

may induce a premature structural transition. To alleviate130

this concern, we have instead used a continuous adsorbate131

introduction method28. In brief, the flow of adsorbate into132

the cell is kept constant by a restriction in the pipe diameter133

which is strict enough to allow the gas to enter via a sonic flow134

regime. Above a certain pressure differential, the sonic nozzle135

allows the flow rate to become purely a function of upstream136

pressure and environment temperature. As a steady flow rate137

is only possible with a pressure difference above 3 bar (gas138

dependent) the desorption branch cannot be measured.139

For each experiment, a small amount (10 to 20 mg) of DUT-140

49 was introduced in the cell while maintained under an inert141

gas flow. The amount of material represents a trade-off be-142

tween isotherm/enthalpy accuracy and experimental duration.143

The cell was then sealed with an oxybutane torch prior to144

evacuation, leak check and sample activation at 420 K under145

dynamic vacuum (down to 10−4 mbar) for at least 8 hours. Any146

repeat measurements on the same material were performed147

with an identical thermal re-activation procedure. A separate148

calibration step was carried out at the start of each experiment149

to determine the adsorbate flow rate and the dead volume150

before the entrance to the cell. Experimental flow rate was151

maintained between 1 to 3 mmol h−1, low enough to consider152

the system at quasi-equilibrium. This assumption was verified153

by conducting multiple experiments at different upstream pres-154

sures. A perfect overlap of the measured isotherms confirms155

that the experiments took place at equilibration times below156

the dead time of the calorimeter (Fig. S4). The complete157

dataset is available in the SI in Fig. S2 and Fig. S3.158

2.3. Computational details. Grand Canonical Monte Carlo159

(GCMC) simulations were carried out at 77 K to compute160

the adsorption isotherms and enthalpies for argon, oxygen,161

nitrogen and carbon monoxide in DUT-49 cp and op forms162

by employing the Complex Adsorption and Diffusion Simu-163

lation Suite (CADSS) code29. Additional calculations were164

performed for argon at 87 K while the adsorption isotherms165

for nitrogen were equally computed for the ip form (struc-166

ture from Krause et al. 27). The simulation box was made of167

1 conventional unit cell for all DUT-49 phases with atomic168

coordinates taken from the previous study19. The fugacities169

for all adsorbates at a given thermodynamic condition were170

computed using the Peng-Robinson equation of state. For171

each state point, 108 Monte Carlo steps were used for both172

equilibration and production runs. The guest/DUT-49 and173

guest/guest interactions were treated using a van der Waals174

contribution with a cut-off of 12Å. The Lennard-Jones (LJ)175

potential parameters for the atoms of the inorganic and or-176

ganic part of the DUT-49 framework were derived from the177

universal force field (UFF)30 and DREIDING31, respectively.178

Argon was represented by a single LJ site described by the179

OPLS force field. The other adsorbates were modelled as two-180

LJ sites with associated potential parameters taken from the181

work of Sirjoosingh et al. 32 for CO and from the TraPPE force 182

field33 for N2 and O2. Lorentz-Berthelot (LB) combination 183

rules were used to calculate the cross LJ potential parameters 184

(Tbl. S1). 185

3. Results and Discussion 186

3.1. Probe dependence of the adsorption isotherm. Recorded 187

isotherms at 77 K for the four probes are depicted in Fig. 2 188

and compared with the GCMC simulated isotherms for the 189

open and contracted pore forms of DUT-49. It should be 190

noted that the selected probes differ in their physicochemical 191

properties, such as size, shape and polarity (with several of 192

these parameters given in Tbl. S2). Three isotherm regions can 193

be clearly distinguished for Ar and O2 and are archetypal of the 194

NGA behaviour. Initial loading occurs in the op form, until 195

contraction of the hierarchical pore network leads to expulsion 196

of the adsorbed guest and a decrease of the adsorbed amount 197

around p/p0 = 0.1. After this step a plateau is observed, as the 198

cp form is fully saturated with the probe. Finally, a gradual 199

re-opening of the cp form is observed, until the material is 200

completely regenerated. In sharp contrast, carbon monoxide 201

does not appear to induce a structural contraction in DUT- 202

49, with adsorption occurring purely in the op form. The 203

transition occurring in the nitrogen isotherm is more complex 204

and will be further discussed in a later section. 205

Fig. 2. Experimental (black) and GCMC-simulated isotherms on DUT-49 op (red) and
cp (blue) at 77 K for argon, oxygen, nitrogen and carbon monoxide. Shaded regions
highlight ranges in which the material has undergone transitions and is not in an op
phase.

In all cases, the GCMC simulated data for the cp and op 206

forms capture well the distinct regions of the experimental 207

adsorption isotherms. Total uptake in the op form (as the 208

uptake at p/p0 = 0.6) and in the cp form (as the uptake at 209

p/p0 = 0.3 after contraction) are nearly identical to the exper- 210

imental findings. Furthermore, the pore filling steps coincide 211
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similarly well, which validates the force field parameters used212

to describe all present interactions.213

A three-stepped adsorption isotherm is expected in the214

simulated op isotherms, as the framework is characterized by215

a trimodal hierarchical pore size distribution. The cuboctahe-216

dral pore at the centre of the MOP is completely filled at low217

pressures, followed by slow multilayer-like filling of the tetra-218

hedral and octahedral larger pores, as was previously shown219

experimentally though in situ neutron diffraction23. However,220

subtle features emerge when comparing the condensation step221

in the tetrahedral and octahedral pores with different probes.222

Fig. 3 shows that with O2 and Ar, this step is sharp, corre-223

sponding to an abrupt pore filling. In contrast, the isotherm224

is smoother for CO and even more so for N2, with the pores225

being filled gradually. A careful analysis of MC snapshots226

during adsorption reveals that compared to Ar and O2, both227

CO and N2 are more homogeneously distributed within the228

whole porosity at initial and intermediate pressures (shown in229

Fig. S5), likely owing to the difference between the adsorption230

temperature and the boiling point of the respective adsorbates231

(values in Tbl. S2). This scenario indicates that a substantial232

reorganization of N2 and CO is required to accommodate the233

subsequent molecules when the gas pressure increases, leading234

to a gradual pore filing. The predicted probe-dependent pore235

filling mechanism is reminiscent to that previously reported for236

the same probe molecules in the pore-gating ZIF-834. Regard-237

ing adsorption in the cp form, the octahedral and tetrahedral238

voids are greatly reduced in volume, resulting into a filling of239

all these pores at very low pressures.240

Fig. 3. Breakdown of simulated adsorption isotherms on the op phase into fraction of
probe uptake in each pore type: octahedral (orange), tetrahedral (blue) and cubocta-
hedral (green). The assignment of a probe into a cavity was performed based on a
radial distribution from the centre of each pore type.

3.2. Specific case of nitrogen adsorption. The different steps241

observed in the experimental nitrogen isotherm (Fig. 2) are242

unlike the transition mechanics exhibited by argon and oxy-243

gen. While guest ejection is still observed at p/p0 = 0.1, the244

total uptake after NGA does indicate a fully contracted phase, 245

as evidenced by the large difference between the experimen- 246

tal and GCMC simulated uptakes in the cp existence range. 247

Furthermore, the nitrogen induced re-opening of DUT-49 is 248

characterized by three distinct steps, as opposed to one with 249

other adsorbates. This behaviour is also encountered in the 250

results of Krause et al. 27 , where crystal size is responsible 251

for the shift from non-flexible to switching, with new inter- 252

mediate phases observable in between. Thus, we can expect 253

that a fraction of the MOF undergoes (i) an incomplete tran- 254

sition to an intermediate pore form (ip) that was previously 255

identified27, which (ii) re-opens partially as a larger pore in- 256

termediate form (ipb) and then (iii) fully. It can therefore be 257

assumed that nitrogen adsorption takes place near the lower 258

limit of favourable transition energetics, where particulate 259

surface effects can have a high influence on the energy barrier 260

of transition, prohibiting a direct access to the op form. 261

An estimation of the fraction of sample that undergoes 262

each type of structural transformation is essential for drawing 263

conclusions on the evolution of DUT-49. For this purpose, we 264

assumed that the total adsorption uptake can be described as 265

a linear combination of the simulated uptake in the existing 266

phases in each pressure range. Fig. 4 graphically exemplifies 267

isotherm deconvolution for the (cp+ip) and (cp+op) ranges, 268

from which it can be estimated that 44% of the sample under- 269

goes a complete contraction. Thus, the amount of material 270

which undergoes a full op-cp contraction is a modest ratio of 271

the total amount of sample. 272

We have observed that sequential nitrogen isotherms 273

recorded on the same cell lead to a reduction of the amount 274

of material undergoing complete op-cp transition (Fig. S6). 275

In the case of the cell in Fig. 4, the op-cp conversion fraction 276

drops from 44% to 17% in a second experiment. However, 277

subsequent isotherms are repeatable and do not induce further 278

degradation. The resulting trends from all experiments are 279

presented in Tbl. S3 and are consistent with the previous obser- 280

vation. We can tentatively surmise that the initial structural 281

contraction may lead to the fragmentation and suppression of 282

complete transition in a fraction of crystallites, likely those 283

above a certain size threshold. Previously published SEM 284

images before and after an adsorption cycle27 appear to sup- 285

port this hypothesis. While very small particles appear to 286

fully lose their compliance27, no proportion of DUT-49 in 287

our experiments remains static, thus only very large crystals 288

undergo stress-induced attrition. It should be mentioned that 289

in the case of other probes, such as argon and oxygen, cycling 290

appears to also induce a progressive amorphization of the 291

material, as can be observed in Fig. S7. 292

3.3. Adsorption and structure contraction energetics. We 293

turn to the differential enthalpy of adsorption as measured 294

through microcalorimetry to delve deeper into the interactions 295

of all adsorbate/DUT-49 systems. Enthalpy curves of the 296

four probes are presented in Fig. 5, together with GCMC 297

simulated adsorption enthalpy for both op and cp structures. 298

The sharp vertical discontinuities in the experimental curves 299

are indicative of NGA, while the sudden large increase in 300

differential enthalpy at the saturation pressure is explained 301

through the loss of resolution when the adsorbed amount de- 302

creases as the isotherm plateaus. The general shape of the 303

enthalpy curve is reminiscent of what was previously observed 304

for n-butane at 303 K23,25, suggesting an identical energetic 305
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Fig. 4. (top) A depiction of different phase mixtures [1–4] and phase transformations
[a–d] throughout the nitrogen adsorption isotherm of DUT-49. (bottom) The simulated
isotherms of the different phases in the highlighted region are linearly combined to
obtain the different contribution of each phase when there is a (left) cp+ip coexistence
and (right) cp+op coexistence. For the displayed isotherm 44% of the material
undergoes complete transition to the cp phase.

landscape throughout pore filling with all probes. Two re-306

gions of the enthalpy curves can be further highlighted for307

analysis: the region below 0.1 fractional loading, which can be308

ascribed to the initial interactions of the probe with the MOF309

framework, and the plateau after structural contraction, where310

the amount adsorbed is also accompanied by a progressive311

framework re-opening.312

For Ar and O2, the experimental and simulated enthalpy313

profiles have a near-perfect overlap in the low-pressure range.314

The adsorbate/DUT-49 interactions can be described purely315

through dispersion interactions and are in the region of 10–11316

kJ mol−1. The slight increase in ∆adsh upon further uptake317

can be associated to the increased guest/guest interactions318

during the complete filling of the MOP pore. Dissimilarly, a319

deviation is present for the CO enthalpy curve, as the mea-320

sured initial ∆adsh is around 30 kJ mol−1 vs 11–14 kJ mol−1
321

by GCMC simulations. This is consistent with the formation322

of Cu(II)···CO adducts as seen in similar paddlewheel based323

MOFs such as HKUST-135 which cannot be accurately de-324

scribed using the generic force field parameters considered325

here. Indeed, a visual examination of the carbon monoxide326

saturated DUT-49 (Fig. S8) shows a pronounced colour change327

and suggests a change in the coordination sphere of the copper328

atoms. As the sample is brought to ambient temperature,329

the cyan colour disappears, attesting to the labile nature of330

the interaction, in contrast to stable Cu(I)···CO coordina-331

tion compounds. The initial enthalpy of nitrogen adsorption332

Fig. 5. Comparison between simulated and measured enthalpy curves at 77 K for all
probes. Fractional loading is defined as uptake divided by maximum loading and is
represented on the x axis. The dotted vertical line indicates structural contraction, in
this range curves have been trimmed above 15 kJ mol−1 for clarity.

(15 kJ mol−1) is also higher than the value predicted for the op 333

form (10 kJ mol−1), although to a lesser extent than CO, likely 334

due to similar phenomena. It is worth mentioning that both 335

CO and N2 interactions occur only at low fractional loadings, 336

below the range in which NGA has been observed to occur. 337

The enthalpy of adsorption after this region is comparable 338

to the simulated value. Therefore, while specific host/guest 339

interactions may be present at unsaturated metal sites, they 340

seem to play a negligible role in the mechanism of structural 341

contraction. 342

The enthalpies of adsorption recorded at higher partial pres- 343

sures for Ar and O2, corresponding to simultaneous adsorption 344

and structural re-opening, are remarkably similar to the simu- 345

lated values for the same loading in the op form. It is expected 346

that any further adsorption in a filled cp-op intermediate pore 347

system would have a much higher ∆adsh, comparable with 348

what is predicted for the cp form (14–16 kJ mol−1). We can 349

therefore conclude that a part of the energy of adsorption 350

must be required for structural re-opening, offsetting the total 351

measured enthalpy through microcalorimetry. 352

As a consequence of continuous adsorbate introduction, 353

we can precisely monitor the heat output during the op-cp 354

transition step, analogous to a differential scanning calorime- 355

ter (DSC). Examples of time-resolved curves can be seen in 356

Fig. S9, with a complex peak observed during structural con- 357

traction. The transition of any crystallite is likely to trigger a 358

cascade effect, where local increases in guest pressure induce 359

contraction of neighbouring particles. As such, deconvolution 360

of the signal into individual contributions is nearly impossible, 361

since minute factors such as diffusion effects, cell geometry, 362

sample amount or flow rate can drastically change its signature. 363

However, by integrating the heat evolved Qt, a cumulative 364

enthalpy of transition for the guest/DUT-49 system (∆Hexp) 365
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may be obtained. It should be noted that while the flow of366

adsorbate is not stopped throughout structural transition, the367

flow rate is minimal, to the point of negligible impact.368

During contraction, three main components of the total369

enthalpy as measured by calorimetry (∆Hexp) can be ratio-370

nalised:371

• Energy required for structural transition, ∆Hop−cp, as372

the op form is more stable than the cp form19;373

• Energy required to desorb and expel the guest from the374

material pores, ∆Hdes;375

• Energy associated to the increased interaction strength376

between the adsorbed guest and the smaller pores of the377

cp phase with respect to the op phase, ∆Hinter;378

which can be represented mathematically with the following379

approximation:380

∆Hexp ≈ ∆Hop−cp + ∆Hdes + ∆Hinter [1]

The first component only depends on the host, while the381

latter two are a function of the guest as well. It is also apparent382

that the last term is the only exothermic component and thus383

must overcome the former two in order for the transition to384

be exothermic. Here, we approximate the combined contri-385

bution of the last two components as the difference between386

the integral enthalpy of adsorption of the op and cp form, at387

the transition uptake for each phase (or ∆∆Hads), an assump-388

tion based on guest desorption during NGA occurring from a389

completely op form:390

∆∆Hads = ∆Hdes + ∆Hinter

≈ ∆adsHop − ∆adsHcp

≈
∫ nop

0
∆adshop −

∫ ncp

0
∆adshcp [2]

As a measurement of the enthalpy of adsorption on a pure391

op or cp phase is physically impossible, we rely on the simu-392

lated enthalpy curves, in view of their validation in the previ-393

ous sections, while taking nop and ncp from the experimental394

isotherms. A graphical overview of the calculation procedure395

is depicted in Fig. 6. It is obvious that the energy available to396

overcome the enthalpic cost of structural transition sharply397

decreases as larger amount of guest is adsorbed in the op398

phase, ultimately becoming endothermic. As the amount of399

“guest overload” was found to be a function of temperature400

by Krause and co-workers19,23, this method predicts an upper401

threshold for exothermic NGA.402

Nitrogen appears to still induce a contraction beyond this403

limit (as seen in Fig. 6). Indeed, the microcalorimetry peak404

observed during transition shows an endothermic process405

(Fig. S9), unlike any other probe at 77 K. Two observations406

may be made for this counterintuitive behaviour. First, it407

highlights that the increase in entropy generated by the ex-408

pulsion to the gas phase of a large amount of guest from the409

material pores can also offset the Gibbs free energy of the410

transition so that the transition is spontaneous. Second, while411

the recorded signal is endothermic, its integral is significantly412

lower than what is predicted through GCMC calculations of413

∆∆Hads (332 kJ mol−1 vs. 1877 kJ mol−1, per unit cell). As414

the NGA step leads to the simultaneous formation of two415

phases, the exothermic transition to the ip phase can offset 416

the endothermic transition to the cp phase. Indeed, a direct 417

correlation is found between the fraction of ip phase formed, 418

and the enthalpy of the transition step (Fig. S10). 419

Due to the complex behaviour upon N2 adsorption, the 420

previous effects cannot be separated. Thus, to observe the evo- 421

lution of enthalpy with temperature, the Ar/DUT-49 system 422

was selected owing to its unambiguous guest-induced op-cp 423

transition (see Fig. 2 and Fig. 5) and good correspondence to 424

in silico enthalpies. Separate isotherms and enthalpy curves 425

were obtained at 87 K with the same experimental setup and 426

computational methodology (Fig. S11). At this temperature, 427

a larger NGA step is observed, as the system is further loaded 428

before contraction. It is seen that the measured and sim- 429

ulated differential enthalpy curves are not impacted by the 430

change in temperature, thus the calculated ∆∆Hads curve in 431

Fig. 6 can be considered interchangeable at 87 K. However, 432

the NGA event becomes endothermic, similar to nitrogen at 433

77 K (Fig. S12). Therefore, we can conclude that not only 434

∆∆Hads is a good predictor of transition energetics, but also 435

that entropy is a critical variable that controls the feasibility 436

range of the structural contraction. As the difference in en- 437

tropy between a gas phase and a liquid phase (as assumed to 438

exist in the pores of DUT-49) decreases with temperature, the 439

combined effect of increasing ∆∆Hads and decreasing T ∆Sads 440

offers a rationalisation for the disappearance of NGA at higher 441

temperatures. Such entropic contributions due to phase tran- 442

sitions in both the solid and fluid phase are unprecedented 443

in any guest-responsive system and clearly demonstrate the 444

complexity that NGA imposes on such responsive systems. 445

Finally, ∆∆Hads is related to the experimental enthalpy 446

measured during NGA (∆Hexp) by an offset corresponding 447

to the enthalpy of structural contraction. This method is 448

similar in concept to the DSC/TGA experiments previously 449

employed for determining the enthalpy of structural transition 450

for MIL-5336, with the scanning performed in terms of adsor- 451

bate pressure rather than temperature. By by substituting in 452

Eq. 1: 453

∆Hexp ≈ ∆∆Hads + ∆Hop−cp [3]
The ∆Hop−cp term can be obtained from the free energy 454

difference between the guest-free op and cp phases previously 455

calculated by Evans et al. 20 . The two values can be equated 456

directly if we assume that (i) the entropy difference between 457

the two phases is negligible20,37, (ii) the pressure on the ma- 458

terial is sufficiently small, and (iii) that there is little to no 459

temperature dependence of these quantities. If ∆Hop−cp is 460

taken as 900 kJ mol−1 (per unit cell), and ∆∆Hads as calcu- 461

lated in Fig. 6, the two sides of the equation take the values 462

in Tbl. 1. 463

Tbl. 1. Comparison for experimental and simulated enthalpy contri-
butions in DUT-49

∆Hexp(kJ mol−1) ∆∆Hads + ∆Hop−cp(kJ mol−1)
77 K -1033 -481
87 K 19 581

At both 77 K and 87 K, the two values are remarkably sim- 464

ilar in magnitude and sign. While the offset can be attributed 465

to contributions from the assumptions made, the experimental 466
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Fig. 6. (top) Graphical representation of the calculation of ∆∆Hads for argon and nitrogen starting from simulated enthalpy curves of the op (red) and cp (blue) phases.
Shaded regions correspond to integral enthalpy of adsorption (∆adsH) for the two phases. Integration limits are between 0 and the transition uptake taken from experimental
isotherms in Fig. 2 as nop and ncp, respectively. ∆∆Hads is the difference between the two areas. The experimental curve is represented in light grey. (bottom) Calculated
∆∆Hads as a function of uptake at transition. Below the curve minima, nop = ncp and no desorption would take place during a transition. Afterwards, ncp is limited by the
pore volume of the cp phase. Dotted line shows calculated value for the above case.

error and simulation parameters, it is the first time that the467

two methodologies can be directly compared and validated468

for the enthalpy contributions of the transition event in a469

compliant material such as DUT-49.470

4. Conclusion471

Low temperature adsorption microcalorimetry was used to472

perform an in-depth study of the adsorption of argon, nitrogen,473

oxygen and carbon monoxide in the flexible DUT-49 system.474

When combined with molecular simulations, the setup em-475

ployed in a quasi-equilibrium introduction mode appears as a476

powerful approach to shed light not only on the mechanism477

of adsorption in compliant solids but also on the subtle and478

transient energetics of the structural transition step itself. We479

can draw the following conclusions:480

(a) The enthalpy of transition for the system is a function of481

the amount of op phase overloading, with higher loadings482

leading to an increased NGA amount and an increased483

energetic cost. Transition entropy change can offset this484

cost, but only to a point. Furthermore, for the first time,485

a direct comparison of the experimental and simulated486

enthalpy contributions of structural contraction can be487

made, with good agreement between the two methods.488

(b) The complex behaviour exhibited throughout nitrogen489

adsorption can be deconvoluted by using contributions of490

simulated adsorption isotherms to obtain the fraction of491

material undergoing contraction to each phase (cp-op or492

cp-ip). Material cycling is seen to decrease the fraction493

of complete cp-op contraction, as expected from a batch494

of small crystal DUT-49, therefore providing evidence for495

crystal fragmentation.496

(c) The mechanism of adsorption strongly depends on the 497

probe molecules. It was demonstrated that the pore fill- 498

ing differs with the physicochemical properties of the 499

adsorbates leading to a progressive smearing of the con- 500

densation step in the large pores of DUT-49 from O2 to 501

N2. 502

We consider our findings in this work as a key step towards 503

understanding the energetic and entropic contributions that 504

occur during NGA. They not only provide direct experimental 505

access to parameters previously only captured computationally, 506

they also demonstrate the complexity of the interplay between 507

adsorption-induced structural transitions and subsequent gas 508

release upon NGA. In particular the estimation of entropic 509

contribution but also internal heat management24 occurring 510

upon structural contraction will further help towards applica- 511

tion of the phenomenon of NGA as well as support the design 512

of other porous solids with NGA transitions. 513
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Fig. S1. Low temperature calorimetry apparatus used to record combined isotherm and enthalpy measurements. (left) Tian-Calvet home-made calorimeter in an inverted
diving bell configuration. (middle) Experimental setup, with calorimeter submerged in a Dewar filled with cryogenic fluid, liquid nitrogen or argon, connected to the upper
automated dosing system and helium supply, kept in a temperature-controlled enclosure. (right) Borosilicate glass cell used to contain sample, inserted into the calorimeter
and connected to the dosing system during normal operation.
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Fig. S2. Low temperature calorimetry isotherms recorded throughout this study for (left) 77 K and (right) 77 K.
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Fig. S3. Low temperature calorimetry enthalpy curves recorded throughout this study for (left) 77 K and (right) 77 K. The peaks corresponding to the structural transition are
trimmed above 20 kJ mol-1.
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Tbl. S1. LJ potential parameters for adsorbate-adsorbate and adsorbate-DUT-49 interactions used.

Ar N2 O2 CCO OCO

atom-atom σ (Å) 3.40 3.31 3.02 3.43 3.12
atom-atom ε/kB (K) 119.80 36.00 49.00 52.89 30.22
Atom of DUT-49 σ (Å) ε/kB (K)
C 3.47 47.86
H 2.85 7.65
N 3.66 38.98
O 3.12 30.20
Cu 3.30 2.52

Fig. S4. Comparison between low and high flowrate experiments performed with carbon monoxide with high (red) and low (blue) flow on the same experimental sample. The
two resulting isotherms and enthalpy curves are nearly identical, motivating that the experiment is taking place below the dead time of the calorimeter. A lower signal to noise
ratio is observed in the high flow curve, due to the faster experimental duration.
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Tbl. S2. Properties of probe gases used at 77 K.

Probe Ar CO N2 O2

molar mass
g mol−1

39.948 28.010 28.0134 31.999

boiling point @ 1 atm
K

87.4 81.6 77.35 90.19

cross-sectional area
nm

0.138 0.168 0.162 0.141

polarizability
10−3 nm3

1.63 1.95 1.76 1.59

dipole moment
10−30 C m

0.0 0.39 0.0 0.0

quadrupole moment
10−40 Cm2

0.0 −12.3 −5.0 1.3

enthalpy of vaporisation*
kJ mol−1

6.49 6.03 5.58 7.18

liquid density
gcm−3

1.393 0.811 0.806 1.203

solid density
gcm−3

1.623 0.924 0.945 1.300

critical point T
K

150.86 132.91 126.20 154.57

triple point point T
K

83.78 68.14 63.15 54.35

* from a liquid state

Fig. S5. Snapshots of nitrogen (top) and oxygen (bottom) in DUT-49 pores at increasing partial pressures. The density of nitrogen in the material pores is seen to be much
higher than that of oxygen at the same partial pressure, corresponding to a less localised phase. Highlighted are the tetrahedral and octahedral pores.
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Fig. S6. Experimental nitrogen isotherms (black) and their deconvolution, presented as a function of cell number (C) and experiment number on each cell (E). Three
cells are presented from left to right, with slight variations of material amount. Two repeats were performed on cell C5 and C6, with material re-activation under dynamic
vacuum between experiments. Purple and green isotherms are linear contributions of cp/ip and cp/op simulated isotherms, respectively. Calculated percentage of material
undergoing complete op-cp transition is represented in the inset.
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Tbl. S3. Fraction of DUT-49 undergoing complete op-cp transition in nitrogen experiments.

Cell 1 Cell 2 Cell 3
Experiment 1 60 % 30 % 44 %
Experiment 2 — 0 % 17 %
Experiment 3 — 0 % 17 %

Fig. S7. Repeated experiments on a single cell, performed with standard re-activation between each run. Uptake is converted to a volumetric basis, by using the adsorbate
liquid density at the experimental temperature. It can be seen that nitrogen adsorption does not appear to degrade the total uptake, while argon cycling (E7 onwards) begins
to lead to a progressive lowering of the total pore volume, corresponding to partial degradation of DUT-49.
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Fig. S8. Colour change upon exposure to carbon monoxide and nitrogen gas at saturation at 77 K. Light blue colour is an indication of the change in the coordination sphere
of the copper in the metal-organic polyhedra.
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Fig. S9. Examples of time-resolved calorimetry peaks recorded during the NGA transition step at 77 K with argon (row 1), oxygen (row 2) and nitrogen (row 3 and 4). The
blue and red curves are pressure and calorimeter signal, respectively. Pressure is seen to increase rapidly during a relatively short time span, with an associated peak in
the recorded heat. An exothermic signal is observed for argon (row 1) and oxygen (row 2), with an endothermic one for nitrogen (row 3). When the structural transition with
nitrogen is primarily op-ip, the signal is seen to become exothermic (row 4).
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Fig. S10. Correlation between the amount of DUT-49 undergoing complete op-cp transition upon adsorption of nitrogen at 77 K and the enthalpy recorded for the NGA step
of each datapoint. Each point corresponds to an isotherm in Fig. S6.

Fig. S11. Argon isotherms (left) and enthalpy curves (right) comparing 77 K and 77 K results. Experimental results are displayed in black, while simulated values are in blue
and red for the cp and op curves, respectively. Curves in dotted line are results obtained at 77 K, while the continuous line is for 77 K. It can be seen that, while the simulated
isotherms slightly overpredict the total uptake, there is excellent correspondence with recorded values. The enthalpy of adsorption is nearly unaffected by the increase in
temperature, with complete overlap between the two curves.
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Fig. S12. Time-resolved calorimetry peaks recorded during the NGA transition step with argon at 77 K. The blue and red curves are pressure and calorimeter signal,
respectively. The NGA event is observed to become endothermic at this temperature.

P. Iacomi et al. Preprint | January 30, 2020 | S12



download fileview on ChemRxivmanuscript-SI.pdf (7.80 MiB)

https://chemrxiv.org/ndownloader/files/21478206
https://chemrxiv.org/articles/Low_Temperature_Calorimetry_Coupled_with_Molecular_Simulations_for_an_In-Depth_Characterization_of_the_Guest-Dependent_Compliant_Behaviour_of_MOFs/11770437/1?file=21478206

	Item information
	manuscript.pdf
	manuscript-SI.pdf

