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Introduction

Crystal size versus paddle wheel deformability:
selective gated adsorption transitions of the
switchable metal—-organic frameworks DUT-8(Co)
and DUT-8(Ni)+

Sebastian Ehrlin
Petko Petkov,
Alexander Krylov,
Evgenia Slyusareva,
and Stefan Kaskel"

Switchable pillared layer metal—organic frameworks M,(2,6-ndc),(dabco) (DUT-8(M), M = Ni, Co, 2,6-ndc = 2,6-
naphthalenedicarboxylate, dabco = 1,4-diazabicyclo-[2.2.2]octane, DUT — Dresden University of Technology)
were synthesised in two different crystallite size regimes to produce particles up to 300 pm and smaller
particles around 0.1 um, respectively. The textural properties and adsorption-induced switchability of the
materials, obtained from both syntheses, were studied by physisorption of N, at 77 K, CO, at 195 K and n-
butane at 273 K, revealing pronounced differences in adsorption behavior for Ni and Co analogues. While the
smaller nano-sized particles (50-200 nm) are rigid and show no gating transitions confirming the importance
of crystallite size, the large particles show pronounced switchability with characteristic differences for the two
metals resulting in distinct recognition effects for various gases and vapours. Adsorption of various vapours
demonstrates consistently a higher energetic barrier for the “gate opening” of DUT-8(Co) in contrast to DUT-
8(Ni), as the “gate opening” pressure for Co based material is shifted to a higher value for adsorption of
dichloromethane at 298 K. Evaluation of crystallographic data, obtained from single crystal and powder X-ray
diffraction analysis, showed distinct geometric differences in the paddle wheel units of the respective MOFs.
These differences are further disclosed by solid-state UV-vis, FT-IR and Raman spectroscopy. Magnetic
properties of DUT-8(Co) and DUT-8(Ni) were investigated, indicating a high-spin state for both materials at
room temperature. Density functional theory (DFT) simulations confirmed distinct energetic differences for Ni
and Co analogues with a higher energetic penalty for the structural “gate opening” transformation for DUT-
8(Co) compared to DUT-8(Ni) explaining the different flexibility behaviour of these isomorphous MOFs.

especially after the pioneering work by Kitagawa and
Férey.>*®

Beyond ultrahigh porosity and modular pore structure,
switchable porosity is a unique feature of some metal-organic
frameworks (MOFs) attracting extensive research interest'
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We consider switchable porosity as a cooperative, step-wise
structural transformation induced by physical or chemical
stimuli resulting in dynamic pore expansion or shrinkage. The
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underlying structural phase transitions are triggered by
adsorption or desorption of guest molecules and generally
characterised by an activation energy barrier, which causes
hysteresis in physisorption experiments. Due to their switch-
able nature, soft porous crystals are often discussed as materials
with huge application potential in gas storage," separation
processes,"** sensor technology'*** and catalysis."®

Despite rapidly growing research in the field of flexible
MOFs, 7% the role of critical factors influencing and control-
ling framework switchability are barely understood.”> As MOFs
are modular networks, the flexibility of the linker but also the
hinges of the metal node are key features that affect switch-
ability. The importance of metal-node hinges and their ener-
getics for framework switchability has been widely investigated
for compounds such as M(bdp) (M = Co, Fe, bdp = 1,4-benze-
nedipyrazolate),"**** M(n-OH)(bdc) (MIL-53, M = Cr, Al, Fe, bdc
= 1,4-benzenedicarboxylate)**?” and pillared layer MOFs with
the general formula M,L,P, (L = ditopic carboxylate, P = neutral
pillar).*”?%?° In pillared layer MOFs, binuclear paddle wheel
nodes M,(COO), are connected by ditopic carboxylates to form
2D grids, which are pillared by neutral diamine donor ligands to
form a 3D framework with pcu topology. Several pillared layer
MOFs show some degree of framework flexibility and they can
be synthesised using a variety of transition metals, such as Co,
Ni, Cu, and Zn, rendering them an ideal model system to ach-
ieve a deeper understanding of framework switchability.**-**

One of the first representatives of this family, Cu,(bdc),-
dabco (dabco = 1,4-diazabicyclo-[2.2.2]-octane), was syn-
thesised by Seki et al. in 2002 (ref. 33), followed by report on
Zn,(bdc),dabco, in 2004 by Dybtsev et al.,** Co,(bdc),dabco by
Kaskel and co-workers in 2008 (ref. 35) and Ni,(bdc),dabco by
Stock and co-workers in 2011.>*° These compounds show
contractive/expansive behaviour during desolvation/resolvation
of the framework but do not show pronounced switchability
upon gas adsorption. Connecting Ni, Cu, Co or Zn paddle
wheels by 2,6-naphtalenedicarboxylates and dabco molecules,
resulted in isoreticular frameworks, further denoted as DUT-
8(M) (DUT = Dresden University of Technology, M = Ni, Co,
Cu and Zn).*” The nickel-based compound shows pronounced
stimuli-induced “gating”-type flexibility upon adsorption of
gases and liquids.®® In situ '>°Xe NMR and powder X-ray
diffraction (PXRD) were used to elucidate the guest-frame-
work interactions, framework dynamics and crystal structure of
the closed pore phase, indicating an unprecedented unit cell
volume change of 250% upon “gate opening”.*

Recent studies revealed that not only the chemical compo-
sition and average crystal structure, but also the real particle
structure (size, morphology, defects) considerably affects the
switchability, increasing the complexity of investigations.*>*" In
fact, for smaller crystals (d < 500 nm) switchability was entirely
suppressed* and these crystals also contain a higher concen-
tration of defects.*> This complexity has motivated us to rein-
vestigate the importance of various metal nodes, while
controlling the crystallite size, for switchable MOFs. This allows
us to independently analyse cooperative coupling versus metal
node flexibility.
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In the following, we analyse the cobalt based DUT-8
compound (DUT-8(Co)), isomorphous to DUT-8(Ni), which
shows pronounced differences in the adsorption behaviour
compared to the nickel-based counterpart. We show activation
barriers of the opening transition of DUT-8(Co) to be higher
than for DUT-8(Ni) while the energetic differences of op and cp
forms are less distinct. Moreover, the switching behaviour is
controlled by crystal (size) engineering, an effect superimposed
on the effect of the metal node.

Experimental section

General

Co(NO3),-6H,0 (=98%), Ni(NOs),-6H,0 (=98%), 2,6-H,ndc
(99%), dabco were purchased from Sigma Aldrich. All solvents
were at least of analytical grade, purchased from commercial
suppliers and used without further purification.

Scanning electron microscopy (SEM) measurements were
carried out using 2 KV acceleration voltage and a working
distance of 14 mm on a SU8020 from Hitachi. Powder X-ray
diffraction (PXRD) experiments at room temperature were
carried out using STOE STADI P diffractometer with Cu-Kal
radiation (A = 1.54059 A) and a 2D detector (Mythen, Dectris) in
transmission geometry. For gas and vapour adsorption
measurements Belsorp Max volumetric adsorption instrument
from MicrotracBEL Corp. (Japan) was used. Prior to the
measurements, the samples were desolvated in dynamic
vacuum at room temperature for at least 16 hours. UV/Vis
experiments were carried out at 25 °C using a Cary 4000 (Var-
ian) equipped with a praying mantis holder in diffuse reflection
mode between 400 and 800 nm with a step of 0.5 nm, BaSO, was
used as filling material. FT-IR spectra were recorded on a Bruker
Vertex 70 in the range from 4000 to 400 cm ' (resolution
2 em ™', ATR). Elemental analyses were performed on a Heka-
tech EA 3000 Euro Vector CHNS. TG-DTA was carried out using
a STA 409 (Netzsch) from room temperature to 800 °C (heating
rate of 5 K min~' under synthetic air).

MOF synthesis

An overview of all samples and their general switching charac-
teristics are summarised in Scheme 1.

DUT-8(Co)_macro-sized, 1a_op. Typically, Co(NO;),-6H,0
(241 mg, 0.83 mmol, 1.56 eq.) is dissolved in 5 mL N,N-dime-
thylformamide (DMF), 2,6-H,ndc (178.5 mg, 0.83 mmol, 1.56
eq.) is dissolved 15 mL DMF and dabco (60 mg, 0.53 mmol) is
dissolved in 5 mL DMF.

The three resulting solutions are combined in a Teflon vessel
(50 mL) and heated in an autoclave at 120 °C for 48 hours. The
resulting dark blue crystals were washed with DMF several
times.

DUT-8(Co)_macro-sized, 1a_cp. Samples of 1a op were
soaked in dichloromethane (DCM) and the supernatant solu-
tion was replaced several times in the first two hours. After two
days, the crystals were filtered under argon flow and the solvent
was removed under vacuum overnight at room temperature
(RT). During solvent removal, the colour of the sample changed

This journal is © The Royal Society of Chemistry 2019
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Schemel Schematic overview of the samples investigated: DUT-8(M)
(M: Ni, Co) were synthesised, using different precursor concentrations
yielding products of varying crystal sizes. Marco-sized crystals of DUT-
8(M) undergo structural transformation during solvent removal,
whereas the submicron-sized particles remain in an open pore state.
Furthermore, a reopening of the structure of DUT-8(Co)_macro-sized
(la_cp) with N, at 77 K is not possible.

from dark blue to dark purple. Yield: 263 mg, 96% (based on
Co®"). The phase purity of the product 1a was determined by
CHN analysis: C3oH,600N,Co0,: calc.: C, 53.478; H, 3.874; N,
4.142; found: C, 53.96 + 0.07; H, 3.585 + 0.151; N, 4.95 + 0.02.

DUT-8(Ni)_macro-sized, 1b_op. The samples were prepared
according to the synthetic procedure reported in ref. 41.

DUT-8(Ni)_macro-sized, 1b_cp. Samples of 1b_op were
soaked in DCM and the supernatant solution was replaced
several times in the first two hours. After two days, the crystals
were filtered under argon flow and the solvent was removed
under vacuum overnight at room temperature (RT). During
solvent removal, the colour of the sample changed from green
to yellow.

DUT-8(Co)_submicron-sized, 2a_as made. Typically, 2,6-
H,ndc (178.5 mg, 0.83 mmol) was dissolved in 25 mL DMF.
Once the solution was clear Co(NO;),-6H,O (241 mg, 0.83
mmol) was added. Subsequently, dabco (300 mg, 2.67 mmol, 3.2
eq.) was added whereby the solution immediately turned
cloudy. The resulting mixture was then treated in an ultra-sonic
bath for 60 minutes increasing the suspension temperature
from 25 °C to 55 °C. The mother solution was removed by
centrifugation and the resulting particles were washed several
times with DMF.

DUT-8(Co)_submicron-sized, 2a_op. This work-up is iden-
tical to that for the flexible compound 1a. A colour change
during solvent removal was not observed, i.e. the particles
remain greyish-blue.

Yield: 245 mg, 90% (based on Co>"). The phase purity of the
product 2a was determined by CHN analysis: C30H,609N,C0,:
calc.: C, 53.478; H, 3.874; N, 4.142; found: C, 54.45 + 0.38; H,
3.870 £ 0.074; N, 4.46 =+ 0.02.

DUT-8(Ni)_submicron-sized, 2b_as made. Typically, 2,6-
H,ndc (296 mg, 1.37 mmol) was dissolved in 30 mL DMF. Once
the solution was clear, Ni(NO;),-6H,0 (436.2 mg, 1.5 mmol, 1.1
eq.) was added. Finally, dabco (337 mg, 3 mmol, 2.2 eq.) was

This journal is © The Royal Society of Chemistry 2019
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added, whereby the solution immediately turned cloudy. The
resulting mixture was then treated in an ultrasonic bath for 60
minutes increasing the suspension temperature from 25 °C to
55 °C. The mother solution was removed by centrifugation and
the resulting particles were washed several times with DMF.
DUT-8(Ni)_submicron-sized, 2b_op. The work-up and
handling were identical to that described above for 2a_op.

Single-crystal X-ray diffraction of 1a_op and 1b_op

The mother liquor containing single crystals of 1a_op and
1b_op, obtained in the solvothermal synthesis was exchanged to
DCM several times in two days. Subsequently, DCM was
exchanged to n-heptane for 1 day and the crystal was sealed in
the glass capillary with a small amount of the solvent. The
dataset for DUT-8(Co) was collected at BESSY MX BL14.3
beamline of Helmholtz-Zentrum Berlin fiir Materialien und
Energie.”® The monochromatic X-ray radiation with a wave-
length of A = 0.8945 A (E = 13.86 keV) was used in the experi-
ment. The room temperature dataset was collected using ¢-
scans technique with oscillation range of 1°. Analysis of the
crystal symmetry, based on the short scan suggests a mono-
clinic C-centered unit cell for the compound. In order to collect
the dataset with maximal completeness, 150 images were
measured with 1.2 s exposure time. The analysis of the reflec-
tion datasets suggests a C-centered monoclinic group (C2/m),
different from that reported earlier (P4/n),*” obtained from
Rietveld analysis of PXRD patterns for as made compound in
DMF. The datasets were further processed automatically using
XDSAPP 2.0 software.** For the DUT-8(Co) structure, the inver-
sion centre, found between two symmetrically dependent
nitrogen atoms is not compatible with molecular symmetry of
the dabco. Therefore, eight positions of three carbon atoms
were refined with occupancies, suggested by the symmetry of
the position and involving the factor of disorder. To treat the
disorder, the C-N and C-C distances and thermal parameters
within the dabco molecule were treated using DFIX, SIMU and
DELU instructions. A low |E*> — 1| value, similar @ and
b parameters and high R-values, obtained in the refinement
prompt us to check the dataset for pseudo-merohedral twinning
using the TwinRotMat program in PLATON.** Indeed, the
program suggests a rotation around [110]. As a solution, a new
HKLF5 dataset with four domains was generated and used for
refinement. This resulted in the improvement of the R, (o > 2)
value from 0.1989 to 0.0956 for the final refinement cycle.
Solvent molecules within the pores of DUT-8(Co) could not be
modelled from the difference Fourier map and the SQUEEZE
routine could also not be applied because of incompatibility
with HKLF5 file format.

The dataset on the DUT-8(Ni) crystal was collected on
a Bruker Kappa APEXII diffractometer, equipped with 4-circle
goniometer, Mo-Ko. radiation (1 = 0.71073 A, graphite mono-
chromator) and APEX2 CCD-camera. The unit cell parameters
were determined based on three short scans, performed on
different crystal orientations. The images were integrated
using SAINT routine.*® Further correction for Lorentz, polari-
zation and absorption effects were performed with the help of
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SADABS software.”” Crystal structures were solved by direct
methods and refined by full matrix least-squares on F> using
SHELX-2016/4 program package*® in C2/m space group. During
the refinement a procedure similar to that applied for DUT-
8(Co) was used to treat the disorder and twinning in the
crystal structure. CCDC-1912199 and -1912198 contain the
supplementary crystallographic data for DUT-8(Co) and DUT-
8(Ni), respectively.t

Crystal data for 1a_op (Co,(2,6-ndc),(dabco)(n-heptane),).
C30H,405N,Co, (framework only, solvent molecules omitted), M
= 658.37 g mol *, monoclinic, C2/m (no. 12), a = 18.720(4) A,
b =18.340(4) A, ¢ = 9.4900(19) A, 8 = 101.77(3)°, V = 3189.6(12)
A%, Z =2, 1=0.89495 A, T = 293 K, O,,.x = 33.99°, reflections/
parameter 3012/118, Rj,¢ = 0.1308, R; = 0.0956, WR, = 0.2862, S
= 1.111 largest diff. peak 1.015 e A~* and hole —1.314 e A>.

Crystal data for 1b_op (Ni,(2,6-ndc),(dabco)(n-heptane),).
C30H,405N,Ni, (framework only, solvent molecules omitted), M
= 657.93 g mol™*, monoclinic, C2/m (no. 12), a = 18.47(2) A, b =
18.39(2) A, ¢ = 9.311(12) A, § = 98.720(15)°, V = 3125(7) A®, Z =
2,A=0.71073 A, T=293 K, 0o = 26.47°, reflections/parameter
3222/109, Rj,¢ = 0.1644, R; = 0.1299, wR, = 0.3910, S = 1.239
largest diff. peak 1.850 e A~ and hole —2.844 e A3,

Rietveld refinement of 1a_cp

It was not possible to preserve the single crystals suitable for
SCD, after the solvent removal and “closing”, because of the
accompanied large volume change. Thus, the crystal structure
of la_cp was obtained from Rietveld refinement. High-
resolution PXRD patterns of DUT-8(Co) were recorded at
KMC-2 Beamline of the BESSY II synchrotron operated by
Helmholtz-Zentrum Berlin fiir Materialien und Energie.* The
monochromatic radiation with energy of 7300 eV (1 = 1.6984 A)
was used in experiment in order to avoid the absorption and X-
ray fluorescence on the Co K-edge. An experimental setup,
developed for in situ PXRD measurements was used for data
collection in transmission geometry.>*

Since both closed pore phases, DUT-§(Ni) and DUT-8(Co),
show very similar PXRD patterns, a structure of DUT-8(Ni)_cp
was used as a starting model in the refinement for the Co-based
material. The structural model was built in the visualisation
module of Materials Studio 5.0 software,* followed by a Pawley
fit of the pattern, using Thompson-Cox-Hastings function. The
Rietveld refinement was performed in the P1 space group in
order to avoid the disorder of the dabco molecule. In order to
improve the data/parameter ratio, cobalt atoms, carboxylate
groups, naphthalene rings and dabco molecules were treated as
rigid bodies. Rietveld refinement with integrated energy
contribution of 1% (based on integrated UFF module) was
performed using the Reflex tool of Materials Studio software
(Fig. S1, ESIT). Nine motion groups with 45 degrees of freedom
were refined.

Structural data for 1a_cp. C3oH,403N,C0,, M = 658.37 g
mol *, triclinic, P1 (no. 1), @ = 7.0454(3) A, b = 8.2976(4) A, ¢ =
12.1395(8) A, a = 81.239(7)°, 8 = 102.217(5)°, v = 105.558(6)°, V
= 664.75(5) A®, Z = 1; zero point line shift —0.001°; profile
function: Thompson-Cox-Hastings, U = 4.71324, V = 0.365, W
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=0.016, X = 0.345, Y = —0.109; asymmetry correction function:
Berar-Baldinozzi, P, = —0.0722, P, = 0.002, P; = 0.0197, P, =
0.0038; global isotropic temperature factor U = 0.01; refined
motion groups 9, refined degree of freedom 45; R,, = 12.89%, R,
= 9.59%.

CCDC-1912233 contains the detailed structural data for
1b_cp.T

Raman spectroscopy

Raman spectra in the 180° geometry were recorded on a Horiba
Jobin Yvon T64000 spectrometer equipped with a liquid
nitrogen cooled charge coupled device detection system in
subtractive dispersion mode at room temperature. Ar" ion laser
Spectra Physics Stabilite 2017 with A = 514.5 nm and power on
the sample of 0.7 mW was used as an excitation light source.
The angular experiments were carried out using the incident
laser beam focused on the sample by a 50x Olympus objective
lens with a numerical aperture of 0.75. The scattered light was
collected by the same objective lens and analysed through
a polarizer and A-plate. Spectroscopic measurements were per-
formed in the subtractive dispersion mode, which attained
a low-frequency limit of 10 cm " in the present setup, to
investigate the low-frequency spectra. The deformation of the
low-frequency spectral edge by an optical slit, which sometimes
smears the true features of low-frequency spectra, was carefully
eliminated by rigorous optical alignment.

Brillouin scattering

Brillouin scattering experiments were carried out on a six-pass
interferometer tandem (JRS Scientific Instruments) at room
temperature (295 K). The solid-state laser Excelsior (Spectra
Physics) with 532 nm wavelength was used to excite Brillouin
scattering. The laser power on the sample was about 3 mW.
The measurements were carried out in the backscattering
geometry without selection by polarisation. The spectra were
obtained with several free dispersion regions (FSR) of 30 GHz.
The spectra of the solvated samples were measured after 15
minutes after the sample was taken from the sealed container
in order to evaporate the adhered solvent. The maxima were
approximated by means of a fourth degree polynomial
interpolation.

Magnetic measurements

Static magnetization measurements were performed on poly-
crystalline powder samples using a commercial SQUID (super-
conducting quantum interference device) VSM (vibrating
sample magnetometer) from Quantum Design in a static
magnetic field of 1 T at temperatures between 1.8 K and 300 K.
High-field/high frequency ESR measurements on a poly-
crystalline powder sample in magnetic fields up to 16 T for the
excitation frequencies from 100 GHz to 280 GHz were done by
means of a home-made high-frequency/high-field ESR (HF-ESR)
spectrometer based on a vector network analyser (PNA-X from
Keysight Technologies) and a 16 T superconducting magnet
system from Oxford Instruments.

This journal is © The Royal Society of Chemistry 2019
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Density functional theory calculations

Cluster optimisation. Density functional theory (DFT)
calculations of the cluster models were performed using the
NWchem 6.3 software package® with the PBEO functional® and
a polarized triple-zeta basis set (def2-TZVP)** employing tight
convergence criteria. The broken symmetry method was used to
model antiferromagnetic coupling for the low-spin (singlet)
states.®® Input files can be found in the data repository of J. D.
Evans [https://github.com/jackevansadl/supp-data].

Periodic model optimization. The calculations of periodic
models of DUT-8(Co) MOF were carried out using the QUICK-
STEP***” module of CP2K.*® A mixed Gaussian and plane waves
basis set with Goedecker-Teter-Hutter (GTH) pseudopoten-
tials® incorporating scalar-relativistic core corrections, named
DZVP-MOLOPT-SR-GTH, was used.®*® Periodic boundary
conditions were applied in all three dimensions. In our calcu-
lations, the REL_CUTOFF parameter was set to 60 Ry. The grid
cutoff (CUTOFF) of the finest grid level of 360 Ry was used. In all
calculations Grimme's DFT-D3 dispersion correction and
DFT+U approach with U — J = 2.2 eV was applied (for more
details see ESI Section 117).%

Simulation of UV/vis spectra. UV/vis spectra were calculated
with ORCA®* using a cluster model derived from the above-
mentioned periodic structures relaxed at the PBE+U level.
Both the preparatory constrained geometry optimizations and
the TD-DFT parts of these calculations, employed the def2-TZVP
basis set and the RIJCOSX* approximation with the def2/]
auxiliary basis set. The broken symmetry approach was used
to model antiferromagnetic coupling. To prepare the cluster
structures for TD-DFT, the periodic structures were truncated to
include one paddle wheel unit with two metal centers, M>*, four
2,6-Hndc™ linkers and two dabco pillars, saturating dangling
bonds with hydrogen atoms. For each metal and spin state, the
periodic structure previously obtained for the respective spin
state was taken, heavy atoms were frozen in space and the
positions of terminal hydrogen atoms were optimized using the
PBEO functional with Grimme's dispersion correction D3(BJ).

TD-DFT on these structures was performed using the CAM-
B3LYP functional®® and making use of the Tamm-Dancoff
approximation (TDA). The resulting vertical absorption spectra
were broadened using Gaussian functions with a FWHM of
1500 cm™* and transformed into absorbance spectra by loga-
rithmising the oscillator strength.

Results
Synthesis and solvent removal

Considering the crystallite size dependent adsorption-induced
switchability, DUT-8(Co) samples were synthesised under
controlled conditions (solvothermal vs. high supersaturation).
The solvothermal approach results in macro-sized DUT-8(Co)
with two distinct crystal size regimes: one around 10 pm and
the other around 300 um. The supersaturation route, however,
enables the synthesis of submicron-sized particles (average size
100 nm) with a narrow size distribution, according to SEM
images (Fig. S2, ESIt). According to the powder X-ray diffraction

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry A

(PXRD) analysis, both synthetic protocols lead to products,
isomorphous to the solvated DUT-8(Ni) compound (Fig. 1a and
b). To remove the solvent from the pores, N,N-dimethylforma-
mide was first exchanged with a low-boiling solvent dichloro-
methane (DCM),*-”* followed by evacuation at 25 °C. The
PXRD patterns of desolvated submicron-sized products, ob-
tained from the supersaturation synthesis, are similar to that of
as made materials, indicating the rigidity of submicron-sized
products under the applied activation conditions. The PXRD
patterns of DUT-8(Ni) and DUT-8(Co) macrocrystals change in
the similar manner upon the removal of solvent molecules from
the pores, suggesting a similar closing transition pathway for
DUT-8(Co) structure, as known for DUT-8(Ni).

Using a controlled solvent exchange protocol, it was possible
to obtain phase-pure closed pore form of DUT-8(Co), PXRD
patterns of which was used for Rietveld refinement. However, if
the macro-sized crystals of DUT-8(Co) were activated directly
from DMF, only a phase mixture containing the op and cp
phases could be obtained, as reported in 2012 by Klein et al.>”
Thermogravimetric analysis revealed different thermal stability
for macro-sized and submicron-sized particles. 1a is stable up to
360 °C whilst 1b shows a reduced stability indicated by a first
mass loss at 275 °C (Fig. S3 and S4, ESIt).

Adsorption behaviour

Previous studies have shown that the crystallite size crucially
affects the “gate opening” transition of DUT-8(Ni) upon
nitrogen adsorption at 77 K.**** Three different adsorption
characteristics related to the different particle size regimes
could be elucidated for DUT-8(Ni): (i) crystallites smaller than
500 nm remain in the open pore form after removal of the
solvent, resulting in a type Ia nitrogen physisorption isotherm;
(ii) particles in the range between 500 nm and 1 um close during
solvent removal, but opening with N, at 77 K is not possible
(type II isotherm); (iii) particles larger than 1 um show flexibility
upon adsorption, resulting in typical “gate opening” behavior.*

Therefore, the nitrogen adsorption behaviour of submicron-
and macro-sized crystals of DUT-8(Co) at 77 K was studied first.
2a show complete accessibility of the pore system, a fully
reversible type Ia physisorption isotherm, and 2b also exhibits
similar adsorption behaviour (Fig. 1c).

Surprisingly, crystals of 1a_cp do not undergo any structural
change during the adsorption of N, at 77 K, showing nearly no
nitrogen uptake, suggesting no pore accessibility. Obviously,
the energy barrier of opening cannot be overcome by adsorption
of nitrogen as external stimulus (AH(N,) = —4.1 kJ mol },
infinite dilution from TAP-2 (temporal analysis of products)
measurements)® suggesting differences in the energy of “gate
opening” for Ni and Co based compounds. The sample 1a even
remains in the closed pore form for the whole pressure range
during adsorption of CO, at 195 K (AH(CO,) = —15 k] mol
infinite dilution from TAP-2 measurements) and n-butane at
273 K (AH(n-butane) = —35 kJ mol ', infinite dilution from
TAP-2 measurements) (Fig. S5 and S6, ESIt).*

Higher interaction energies are expected for aprotic polar
solvents (such as DMF), producing an opening of the framework
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Fig. 1 (a) PXRD patterns of the macro-sized particles after the
synthesis (as made) and after solvent removal (desolvated); (b) PXRD
patterns of the submicron-sized particles after the synthesis (as made)
and after solvent removal (desolvated); (c) respective nitrogen phys-
isorption isotherms of the activated samples at 77 K (filled symbols —
adsorption, open symbols — desorption).

independent on particle size for the DUT-8(Ni) system.*®
Resolvation of 1a_cp in liquid DMF, however, leads only to the
opening of part of the sample, according to PXRD analysis
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(Fig. S7, ESIt) suggesting crystal size dependent behaviour.
Vapour physisorption experiments using 4 different solvents,
including an aprotic non-polar solvent (cyclohexane), an aprotic
polar solvent (dichloromethane, DCM) and two protic polar
solvents (methanol and ethanol), were performed on 1a_cp.
Methanol shows an uptake of nearly 100 mg g~ * at pressures close
to saturation, however, this uptake can be attributed to the
decomposition of the MOF. These adsorption experiments reveal
DCM as the only molecule resulting in a typical “gate opening”
isotherm, with “gate opening” at a relative pressure of 0.7 at 298 K
(Fig. 2a). CHCl; and CCl, physisorption at 298 K were also studied,
showing a non-flexible response of 1a_cp for these adsorptives.
This is a remarkable finding, as it implies DUT-8(Co) to selectively
open its pores only for DCM during the adsorption (Fig. 2b). In
contrast, 1b shows gating behaviour during the adsorption of all
chlorinated methanes investigated (Fig. S8, ESIt).

To provide a deeper insight into the interaction energetics,
the heats of adsorption of the chlorinated methanes were
determined on 2b_op. The availability of the “same” MOF
structure as rigid and flexible variant provides a unique
opportunity for understanding switchability. Adsorption
isotherms were recorded at 288 K, 298 K and 308 K and the
Clausius—Clapeyron equation was applied. Since not all
isotherms have a classical type Ia shape (see Section 7, ESIt),
a fitting with the convention models, such as Langmuir,
Freundlich or Dubinin-Radushkevich, produced considerable
errors. Thus, linear interpolation was performed to provide
equivalent values for the amount adsorbed at various temper-
atures. The heat of adsorption was calculated as 30-40 k] mol "
for DCM, 35-50 k] mol ™" for chloroform and 25-40 k] mol ! for
tetrachloromethane (Fig. S15, ESIf). As the dipole moment of
CHCl; (1.06 D)™ is significantly smaller than that of DCM (1.8)°
a higher interaction is reasonable, as also reported for HKUST-
1.”* However, the kinetic influence of the respective solvents
also needs to be considered. Gate opening from the cp state to
the op state requires overcoming a high energetic barrier.”
Hence, due to the larger kinetic diameter of the CHCI, (5.47 A)”
molecules compared to DCM (4.7 A),”® the activation energy for
pore entry is expected to be increased. The smaller kinetic
diameter of CH,Cl, also favours pore opening compared to
CHCl; and therefore the selective opening of 1a_cp for
dichloromethane in contrast to other chlorinated methanes is
possible.

A direct comparison of the isotherms of 1a and 1b (Fig. 2c)
shows, that the “gate opening” pressure is shifted to a signifi-
cantly higher value for DUT-8(Co), implying a higher energetic
barrier for “gate opening” for the Co based material, while the
closing pressure is almost identical for Co and Ni analogues. In
addition, the saturation uptake of 1a is 300 mg g~ * considerably
smaller than 1b. This is an indication that at 298 K the vapour
pressure of DCM in the measurement is not sufficient to open
all crystals of 1a.

Crystallographic investigations

Crystal structures of 1a_op. The as-synthesised single crys-
tals of 1a_op containing DMF in the pores show diffuse
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Fig. 2 Vapour physisorption isotherms at 298 K: (a) for DCM (black),
cyclohexane (green), methanol (red) and ethanol (blue) vapours on
la_cp; (b) chlorinated methanes on la_cp, and (c) DCM vapour on
la_cp (purple) and 1b_cp (yellow). Filled symbols — adsorption, open
symbols — desorption.

scattering effects in the diffraction images, suggesting distinc-
tive deviations from strict crystalline order.” Recent reports”™
demonstrate that linker disorder in DUT-8(Ni) is solvent
dependent. Therefore, to obtain comparable crystallographic
data, the solvent in 1a_op and 1b_op crystals was exchanged to
n-heptane and the data collections were carried out for both
compounds under comparable conditions.

Both compounds, containing n-heptane in the pores, crys-
tallise in the monoclinic space group C2/m, different from the

This journal is © The Royal Society of Chemistry 2019
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P4/n reported earlier for DUT-8(Ni) and DUT-8(Co) originated
directly after synthesis in DMF.?”7¢

As expected, the overall crystal structure is based on paddle
wheel units, which are interconnected by 2,6-naphthalene-
dicarboxylates (2,6-ndc®>”) forming 2D layers, which are
further linked by neutral dabco ligands to form a 3D framework
with pecu underlying topology (Fig. 4a).

The main difference between tetragonal and monoclinic
polymorphs is the local paddle wheel structure, i.e. the mutual
orientation of the quasi-linear 2,6-ndc>" linkers around the Co
paddle wheels, as reported in ref. 75. In the monoclinic struc-
ture of DUT-8(M) (M = Ni, Co), the oppositely located 2,6-ndc>~
ligands (shown in grey and black in Fig. 4b) point in different
directions (up vs. down in respect to the equatorial plane of the
paddle wheel).

The nonlinearity of the 2,6-nd¢*>~ molecule is compensated
by the tilt of the paddle wheel axes with respect to the 2,6-ndc®~
(8 =98.72° in case of 1b_op and § = 101.77° in case of 1a_op).
The same arrangement of 2,6-ndc>~ linkers was found for the
majority of the paddle wheel/2,6-ndc>~ based crystal structures
collected in CCDC data base,f including Zn,””"* Ni,***” Co,***
and Cu® based clusters.

Comparison of monoclinic structures of DUT-8(Ni) and DUT-
8(Co), filled with n-heptane, indicates unit cells with almost
equal volumes of 3125(7) and 3190(1) A%, respectively. The unit
cell parameters a and b and ratio between them in DUT-8
structures are responsible for pore accessibility, since the
channel like pores are running along ¢ direction (Fig. 4a). In
both MOFs there are only minor differences between these
parameters and therefore no significant difference in the size of
the channels is expected. The more significant difference was
found in the c lattice constant, which is 9.311(12) A for 1b_op
and 9.4900(19) A for 1a_op. It correlates with M---M spacing

Fig. 3 The alignment of the paddle wheels and pillars in: (a) 1b_op, (b)
1b_cp, (c) la_op and (d) 1a_cp. The dashed lines illustrate the angle
between the lines running through N---N (dabco) and M:--M (paddle
wheel) atoms. (e and f) View on coordination polyhedron of Ni in
1b_cp (e) and of Co in la_cp (f) along the line connecting M and N
atoms.C —ingrey, O —inred, N —in blue, Ni — in green, Co — in purple.
Hydrogen atoms are omitted.
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inside the paddle wheel, Ni-N bond lengths, and N---N spacing
within dabco (Fig. 3a and c).

Thus, the Co---Co distance in 1a_op is about 0.038 A longer
than Ni---Ni distance in 1b_op, which is associated with
different ligand-metal bond strength for the two metals. In
addition, the M-N bond lengths in these two structures differ by
0.068 A (Table 1). It should also be mentioned that comparison
of the coordination geometry of Ni indicates slightly shorter
M-O bond lengths, than that in 1a_op. A similar trend is also
observed in isoreticular compounds Ni,(bdc),dabco®® and
Co,(bdc),dabco.*

The slight difference between the crystal structures of 1b_op
and 1a_op is the angle between the N---N (dabco) and M---M
(paddle wheel) axes (Fig. 3a and c).

In the 1b_op structure, both axes are almost aligned (Ni-Ni-
N angle 177.6°) while in 1a_op they are tilted with Co-Co-N
angle of 171.8° (Fig. 3a and c). In spite of minor differences in
the crystal structures, both op structures show comparable
geometrically calculated porosity. Analysis of the pore size
distribution in the DUT-8(Ni) and DUT-8(Co) by Zeo++ soft-
ware®! indicates the presence of the channel-like pores of 10.2 A
and 10.0 A in diameter, respectively.

Crystal structures of 1a_cp. Unfortunately, the single crystals
of 1a_cp were not suitable for SCD experiments. Therefore, the
crystal structure of 1a_cp phase was refined from PXRD data
using Rietveld method. It should be mentioned that PXRD
patterns show a broadening of reflections, indicating the
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Fig. 4 (a) Crystal structure of la_op along c; (b) the coordination
environment of the paddle wheel; (c) view on the layer along b. C — in
grey/black, O — in red, N — in blue, Ni — in green, Co - in purple.
Hydrogen atoms are omitted.
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disorder in the structure. This increases parameters uncer-
tainties in the overall structural model. Resulting unit cell
parameters, and as a consequence, unit cell volumes are
comparable for 1a_cp and 1b_cp structures.

The most noticeable difference between these two structures
is the distortion of the paddle wheel units. In the case of 1b_cp,
there is very strong distortion from the square-pyramidal
coordination geometry of Ni (O-Ni-O), angles are between 61°
and 110° (Fig. 3e and f) and bending of the carboxylate hinges is
expected to be the main origin of the “gate opening”
mechanism.

In the case of 1a_cp, the coordination geometry of the Co
cluster undergoes only minor changes during the closing and
seems to have only minor contribution to the phase transition
mechanism. The corresponding O-Co-O angles are between 91°
and 97° but the Co,(COO), unit shows strong shear deforma-
tion, altering the angle between the N---N (dabco) and M---M
(paddle wheel) axes significantly (Fig. 3b, d, S16 and S17, ESI{).
The corresponding M-M-N angle in 1b_cp structure is 153.9°,
whereas in 1a_cp it amounts to 141.5°.

Spectroscopic investigations

Solid state UV-vis spectroscopy. The huge changes in the
coordination geometry during the solvent removal of both
structures and the associated visual colour change is reflected
in the solid-state UV-vis spectra (Fig. 5a).

In the op phases, a square-pyramidal coordination environ-
ment with C,, symmetry of each metal atom is assumed. For
1a_op two main signals at 22 400 and 17 000 cm™ " and two
shoulders at 18 400 and 14 000 cm ™' are observed, which is in
good agreement with other reported five-coordinated cobalt
complexes.”> 1b_op shows only two bands at 24 600 and
14700 cm™' and a small shoulder at 12 900 cm™'. These
maxima can be assigned to d — d* transitions (*T; — >T,) of
nickel in a square pyramidal or high-spin distorted tetrahedral
coordination.”® More interestingly, the maxima of 1a_cp show
a blue shift with respect to 1a_op while the maxima of 1a_cp
show a red shift with respect to 1b_op (Fig. 5a). These obser-
vations are linked to the crystallographic data. In 1a_cp the
Co---Co distance is shorter compared to that of 1a_op. In
contrast, in 1b_cp the Ni---Ni distance is significantly longer,
compared to 1b_op. Furthermore, the higher distortion of the
coordination environment in 1b_cp is reflected in the bigger
change of the respective M-N and M-O bond lengths (Table 1,
Fig. 3e and f).

DFT calculations showed that both HOMO and LUMO are
raised in energy upon transition from op to c¢p form and this is
the case for both Co and Ni. However, in the case of Ni, the
HOMO is raised significantly more strongly than the LUMO (by
approx. 2500 cm™ ). This results in a smaller HOMO-LUMO gap
and is therefore consistent with the redshift in the UV-vis. For
Co, the effect is the same according to the conducted calcula-
tions, although it is less pronounced (HOMO-LUMO gaps
decreases by approx. 1000 cm ™', so a weaker redshift would be
expected in some disagreement with the experimental
observations).

This journal is © The Royal Society of Chemistry 2019
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Table 1 Characteristic geometric parameters in M,(bdc),dabco and DUT-8(M) (M = Ni, Co) observed by crystallographic investigations

M-O/A M-N/A M---M/A M-M-N angle/°
M = Ni
Ni,(bdc),dabco*® 1.966(1) 2.053(1) 2.683(8) 180.0
1b_op 1.983(7)-2.008(7) 2.042(1) 2.653(5) 177.59(9)
1b_cp 1.787(5)-2.425(2) 1.905(8) 2.735(9) 153.92(5)
2.085(6)
M = Co
Co,(bdc),dabco® 2.028(2) 2.092(5) 2.683(5) 180.0
1a_op 2.027(3)-2.031(3) 2.110(7) 2.691(2) 171.81(8)
1a_cp 1.70(9)-2.20(7) 2.15(9) 2.636(3) 141.50(0)
2.13(9)

Infrared spectroscopy. From previous studies of DUT-8(Ni) it
is known, that the IR spectra of the macro-sized and submicron-
sized particles differ in some characteristic signals.** The same
observation was made for DUT-8(Co) (Fig. S18, ESIf). The
vibrations of the carboxylate (CO,") in the recorded range are
not significantly influenced by transition metal nature, i.e. the
asymmetric stretching vibration is at 1626 cm™" for both
compound in the op phase and at 1602 cm ™' in the ¢p phase, the
symmetric stretching at 1438 cm ™ for both compound in the op
phase and 1468 cm ™! in the ¢p phase, as well as the scissor
deformation at 816 cm™ " for Ni in the ¢p and op phases and at
811 cm ™ for Co in the op and ¢p phases, respectively.* Scissor
deformations seems to be more affected by the metal type, then
the other. The same is true for the vibration originating from
the dabco molecule: asymmetric vibrations are not affected by
metal art and slightly affected by coordination geometry change
(1060 cm ™" for op phases and 1056 cm ™ for ¢p phases). But, the
symmetric stretching vibrations of NC; are sensitive and the
position of the band differs for Co and Ni compounds in the op
phase (Co: 784 cm™ ", Ni: 789 cm ™ '), as well as in the cp phase
(Co: 776 em™*, Ni: 769 ecm™ ", Fig. 5c, Table 2).

Clear differentiation between the op state (material filled
with DMF) and the cp state of the macro-sized crystals is
possible mainly due to the intense band at 1667 cm ™", which is
attributed to the DMF in the pores.

Raman spectroscopy. As shown for DUT-8(Ni), Raman spec-
troscopy can be used to characterize the open pore phase and
the close pore phase by the bands related to phonon modes at
23 cm™ " and 60 cm ™' in the Raman spectra, respectively.®® For
DUT-8(Co), the corresponding band for open pore phase (1a_op)
appears at similar position (24 cm™ '), whereas the character-
istic lattice vibration band of the closed pore phase (1a_cp) is
shifted to lower frequencies (46 cm™"') in comparison to the
1b_cp, pointing to the subtle differences in the corresponding
structures (Fig. 5c, full spectra Fig. S19, ESIt). Since the low-
wavenumber range in Raman corresponds to the lattice vibra-
tions, the decrease in frequency for the closed phase from
59 cm™ " for DUT-8(Ni) to 46 cm ™" for DUT-8(Co) indicates that
the force constants for DUT-8(Co) framework must be lower
with respect to DUT-8(Ni), indicating a softer structure. This
may indicate a higher elasticity of the DUT-8(Co) structure or

This journal is © The Royal Society of Chemistry 2019

some differences in the pore size of ¢p phases. The coincidence
of some lines of the spectra, corresponding to the vibrations of
individual structural elements, reflects the isostructurality of
the compounds.

Brillouin spectroscopy. Since no significant differences
(within the experimental uncertainness) were found in the low
frequency region of the Raman spectra for the op phases of
DUT-8(Co) and DUT-8(Ni), the as made compounds were
further investigated by Brillouin scattering (Fig. 5d). This
provides the possibility to measure the lowest frequencies,
including acoustic modes. Moreover, Brillouin spectroscopy
allows determination of macroscopic physical parameters, in
the first turn sound velocities and elastic moduli, since the
speed of sound is directly proportional to the elastic moduli.

The measured Brillouin scattering spectrum for the DUT-
8(Ni) op phase at 295 K (Fig. 5, green line), contains four
lines, corresponding to longitudinal acoustic modes. From the
fitting, the frequency positions of the scattering lines, vg; = 8.2
GHz and vg, = 20.0 GHz, are obtained. Over time, the peaks at
8.23 GHz disappeared, presumably to due to the slow evapora-
tion of solvent (DMF). The spectrum of the op phase of DUT-
8(Co) (Fig. 6, blue line) has two sets of broad symmetric lines
around 7 GHz and 14 GHz. The sharp peak on the right side of
the spectrum at 6 GHz corresponds to the laser line. The lines at
7 GHz might correspond to the solvent.

So, there is a significant difference of 6 GHz between the
Brillouin line positions in the spectra of DUT-8(Ni) and DUT-
8(Co) from 20 GHz (0.67 cm™ ') to 14 GHz (0.47 cm '),
respectively.

According to Brillouin® the frequency position of the Bril-
louin line (vg,) obtained in the backscattering geometry, is
proportional to the sound velocity (u):

2nu
Vpr = T (1)

where n is the refractive index of the scattering medium and A is
the excitation wavelength. Therefore, the difference in Brillouin
line positions for those samples can be explained by a difference
in sound velocities of the samples (or/and the differences in
refractive indices). There are no experimental data for the
refractive indexes in those samples, but since the Co and Ni
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Fig. 5 (a) Solid state UV-vis spectra of la_op (blue), 1b_op (green),
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Table 2 Wavenumbers of expected and observed vibrations
v observed v observed

Vibration v expected/cm in 1a_cp/em ™" in 1b_cp/cm™"
7,5CO,~ 1695-1540 1602 1602
vsCO, 1440-1335 1468 1468
600POH---O 860-615 811 816
v,sNC3 1061 (ref. 95) 1056 1056
»NC; 783 (ref. 95) 776 769

based compounds are isomorphous, we assume similar refrac-
tive indexes, as it was demonstrated for IRMOF-10 compounds
containing different metals.”® Thus, one can conclude that the
DUT-8(Ni) has a higher sound velocity than DUT-8(Co), sug-
gesting that the op phase of the Co based compound is also
softer than the Ni analogue.

Magnetic measurements

To investigate the magnetic properties of the materials and to
shed light on the spin states of the Ni(u) and Co(u) ions,
temperature dependent static magnetisation (M) measure-
ments were performed on all samples. The effective magnetic
moment u.g per metal ion obtained from the static magnetic
susceptibility x = M/H as pe” = 3xksT/npops” is presented in
Fig. 6a and b, for DUT-8(Ni) and DUT-8(Co), here H is the static
magnetic field, kg - the Boltzmann constant, 7 - temperature, n
- number of metal ions in the unit cell, u, - vacuum perme-
ability, ug — Bohr magneton. At low temperatures (7 < 100 K),
1b_op has a very low value of u.g clearly suggesting a non-
magnetic ground state of the studied compound (Fig. 6a). At T
> 100 K uegr increases indicating thermally activated transition
to a magnetic state. However, up to T = 300 K, the absolute value
of pieg emains significantly lower than weg = g(S* + S)”2 =3.1ug
expected for the Ni(n) with § = 1 and g = 2.2 (typical g-factor for
Ni(u) ions), which means that the transition process is not
completed. The magnetic behaviour of compounds 1b_cp and
2b_op differs significantly from that of 1a_op (Fig. 6). Here,
already at lowest temperature (T = 1.8 K), both compounds
show finite u.gr meaning that a certain fraction of the sample is
in a magnetic state. For 1b_cp, p.s saturates at room tempera-
ture (T = 300 K) reaching a value of 3.0 ug, which is very close to
Uerr = 3.1 up, suggesting that practically the whole sample is in
a magnetic state. 1b_op displays an intermediate situation: ues
increases continuously with increasing the temperature,
however even at T = 300 K its value is significantly smaller than
3.1 ug. A behaviour similar to that observed for 1b_op was also
observed for complexes containing dimeric paddle wheel
units.*>'* The most common interpretation of this behaviour is
an antiferromagnetic (AFM) coupling between the Ni ions in the
paddle wheel dimer, which leads to the spin-singlet non-
magnetic ground state, and thermal activation of the
magnetic states with the non-zero total spin at higher temper-
atures. The temperature dependence of the magnetic suscepti-
bility in this case can be described using the Van Vleck equation

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Temperature dependence of the effective magnetic moment
wer(T) obtained from the static magnetization measurements in the
magnetic field of 1 T. (a) DUT-8(Ni); black solid line represents the fit
usingeqn (2 withS=1,J=-348K,g=29,P=0.001, 6 =—-1K, xo =
1 x 107° emu Oe ! mol ™. (b) DUT-8(Co); black solid line represents
the fit using egn (2) with S = 3/2,J =256 K,g =4.5, P=0.019, 6 = -1
K, xo = 4 x 107° emu Oe™! mol™. (c) HF-ESR spectrum of la_cp
measured at the excitation frequency of 200 GHz at T = 3 K and the
frequency v vs. resonance field uoH,es diagram obtained from the
measurements in the frequency range between 100 and 280 GHz.
Symbols correspond to the resonance fields Hi.s of the individual
peaks of the spectrum measured at a fixed ». Solid lines represents fits
of the Hles(v) dependence which slope is determined by the g-factor.
The value of g for different peaks obtained from the corresponding
slopes are indicated in the figure.
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and an additional term which takes into account a contribution
from paramagnetic Ni(u) spins not coupled in dimers:

o ) JS'(S'+1)
N %:S (S"+1)(28" + 1)exp (T

3ks T (JS' (' + 1)>

x=(1-P)
;(ZS’ + L)exp 3T
Napg’g*S(S +1)

P
(T —e) X

2)
here N, is the Avogadro constant, S’ is the total spin of the Ni-
dimer which takes the values S’ = 0, 1, and 2 for the ground
state and the two excited spin states of the dimer at energies J
and 2J, respectively, J is the exchange integral, P is the fraction
of not dimerized paramagnetic ions, ® is their Curie-Weiss
temperature, and y, is the temperature independent contribu-
tion to the magnetic susceptibility. The best fit of this equation
to the experimental data of 1b_as made, presented in Fig. 6a as
black solid line, yields the AFM coupling constant j = —348 K
(242 cm ') between the Ni spins in the paddle wheel dimer,
which is comparable to the values previously observed for
complexes with similar structure.'*”*** The fit also reveals P =
0.001 and ® = —1 K, which suggest the presence of 0.1% of
practically non-interacting paramagnetic Ni(u) (S = 1) ions in
the sample. It should be noted, despite the overall good fit of the
curve, the g-factor (g = 2.9) is larger than g = 2.2, usually ex-
pected for Ni(u) ions. In contrast to 1b_op, the results obtained
for 2b_op and 1b_cp compounds, cannot be analysed in
a similar manner using eqn (2). This is due to the finite
magnetic moment at low temperatures and the absence of
a clear activation behaviour. The continuous increase of the
magnetic moment of the 2b_op sample, in the whole tempera-
ture range, can be tentatively interpreted assuming a very broad
distribution of J values for the Ni-dimer complexes, which
would then smear out the activated behaviour described by eqn
(2). In 1b_cp, pesr almost saturates at T = 300 K indicating that
the average AFM coupling, /, between the Ni spins is signifi-
cantly smaller than in the other two compounds (estimated
below 100 K).

DUT-8(Co) compounds demonstrate qualitatively similar
behaviour, see Fig. 6b. For 1a_op, at low temperatures the small
value of pg corresponds to the uncoupled paramagnetic Co(u)
ions with S = 3/2 (4.5% according to the fit using eqn (2)) and
a major part of the sample in a non-magnetic ground state, due
to the antiferromagnetic interaction in the paddle wheel dimer
leading to the total spin of the Co-dimer (S’ = 0).

Upon increasing the temperature, we observe thermal acti-
vation of the magnetic moment due to the population of the
excited states of the dimers with non-zero total spin, §' = 1, 2,
and 3. The analysis of this data using eqn (2) yields the AFM J =
—256 K (178 cm™'). Similar to 2b_op, in 2a_op, we observe
a continuous increase of u.g with increasing the temperature,
indicating a broad distribution of the J values in the sample. For
1a_cp, nesr increases with temperature and saturates already at T
> 100 K, which suggests a small coupling between the Co spins
(J < 50 K).
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High-field/high-frequency electron spin resonance (HF-ESR)
measurements were performed on the 1a_cp compound, in
order to determine the g-factor of Co(u) ions. A representative
ESR spectrum together with the corresponding frequency vs.
resonance magnetic field diagram is presented in Fig. 6c. The
spectrum consists of several overlapping and very broad
absorption lines with different g-factors, which is likely caused
by some inhomogeneity of the sample. The observed g-values
around 4.2 and 3.2 are typical for the perpendicular g-factor (g, )
of Co(u) ions in metal-organic compounds.**'* Signal from the
parallel orientation (g, typical values are around 1.9-2.0) is not
visible in the spectrum, probably due to the smaller intensity.
Furthermore, there may be a possible preferential orientation of
the powder particles in the sample, which boosts the contri-
bution to the total spectrum for particles with local symmetry
axis of the Co-ligand clusters oriented perpendicular to the
magnetic field. Thus the expected effective (powder averaged) g-
factor for 1a_cp can be estimated as g,,, = 3.1, which is smaller
than g = 4.5 obtained for 1a_op from fitting of the magnetiza-
tion data. The left-most line in the ESR spectrum in Fig. 6¢
characterized with a large g-factor g = 10 could be attributed to
the so-called “forbidden” ESR transition within the multiplet of
the spin levels of Co(u) ions with S = 3/2 featuring by its virtue
a large g-factor. Note that the “forbidden” transition is possible
only in the spin multiplet with S > 1/2 and therefore the pres-
ence of such a line in the ESR spectrum of the 1a_cp compound
provides additional evidence of the high-spin state of the Co(u)
ions in this material. Finally, the low-intensity narrow ESR line
with g = 2.0 in the spectrum most probably originates from
a small amount of paramagnetic impurities in the sample.

To summarize the analysis of magnetic data, both 1b_op and
1a_op exhibit a spin-singlet non-magnetic ground state due to
the antiferromagnetic interaction of the magnetic ions in the
paddle wheel dimer and a thermal activation of the magnetic
moment due to occupation of excited spin states of the dimer at
higher temperatures. Both 2b_op and 2a_op compounds can be
characterized by a very wide distribution of the exchange inte-
gral J probably due to the structural inhomogeneity in the
sample and increased concentration of defects.”” On the other
hand, both 1b_cp and 1a_cp compounds show a rather small
average coupling in comparison to the aforementioned
samples. This could be possibly related to significant differ-
ences in the structure between the submicron-sized (2) and
macro-sized (1) compounds. Indeed, the strength of the
superexchange coupling J is strongly influenced by the geometry
of the bonds connecting the magnetic ions.**

Density functional theory

Spin related cluster optimisation. To assess the intrinsic
impact of a different metal, Ni and Co, on the structure and
flexibility of the paddle wheel motif, as well as impact of the spin
state, density functional theory (DFT) simulations were conduct-
ed on a simple molecular analogue of the paddle wheel cluster
comprised of ammonia and formate ligands (Fig. S20, ESIT).

Since the spin configuration is known to significantly impact
the geometry of the Co complexes'® and the magnetic
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measurements demonstrated possible variation of spin states
in DUT-8 compounds, depending on the temperature, network
geometry and solvation state, initially, geometric structures of
the paddle wheel clusters were optimised in both low-spin and
high-spin configurations. The low-spin state corresponds to an
antiferromagnetic singlet arrangement for both Ni and Co
paddle wheel structures while the high-spin state corresponds
to a quintet state (multiplicity M = 5) for Ni and triplet (M = 3)
and septet (M = 7) states for Co, alternatively 4, 2 and 6
unpaired electrons per paddle wheel, respectively. Notably,
optimised structures of these different spin states are signifi-
cantly different (Fig. S21, ESIf). High-spin configurations
produce substantially deformed geometries with N-M-M angles
(where M = Co or Ni) of <165° which interestingly is a similar
distortion to that observed in DUT-8 closed pore structures.
Critical parameters of the optimised structures are detailed in
Table 3.

Geometries of the high-spin configurations of the paddle
wheel cluster expectedly demonstrate longer M---M distances
compared to the low-spin systems due to the unpaired electrons
populating non-bonding orbitals, similar to that observed for
the Cu paddle wheel."” When compared to the geometry of the
clusters observed in DUT-8_op single crystal structures, the Ni
paddle wheel shows good agreement. However, the Co---Co
distance obtained from the crystal structure (2.691 A) is not
reflected by a single predicted spin state. The Co---Co distance
observed in the experimental crystal structures may suggest
a combination of spin states within the DUT-8(Co) framework.

To explore the intrinsic flexibility of the paddle wheel clus-
ters, we considered constrained geometric optimisation of the
representative molecules. For these simulations the N-M-M
and M-M-N angles were fixed and subsequently scanned for
angles between 175° and 150°. Both low and high-spin config-
urations (total spin in the M, paddle wheel) were considered for
DUT-8(Co) (Fig. S22, ESIf) and DUT-8(Ni) (Fig. S23, ESIt). The
geometry scans reveal the flexibility inherent to the paddle
wheel cluster and the profound effect of different spin config-
urations. A high spin state of the Co---Co cluster (M = 7) has
a completely different minimum to the other considered spin
states where the minimum structures display an extremely
similar geometry to the distorted paddle wheel structures
observed experimentally in the cp phase of DUT-8. Notably, an
energy penalty of >10 k] mol™* (Co,) is required to straighten
the paddle wheel to a geometry consistent with the structure of
the op phase of DUT-8(Co) (Fig. 7a). These DFT simulations
described here illustrate the powerful effect spin states have on
the geometry of paddle wheel clusters. The Co system is

Table 3 Critical bond lengths and angles of the optimised paddle
wheel structures. Multiplicity (M) is given in the parentheses (M = 2S5 +
1, where S is the total spin angular momentum)

Ni---Ni (1) Ni--Ni (5) Co---Co (1) Co---Co (3) Co---Co (7)

M--M/A 2.65 2.70 2.44 2.56 2.82
N-M-M/° 180 164.9 178.2 165.3 156
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predicted to have a septet spin state however we note that DFT
simulations of relative spin energetics is challenging.'*

Spin related framework optimisation. Calculations of the
periodic structure with GGA+U correction (U — J = 2.2 eV) are in
line with the high-level calculations performed on cluster
models. Namely, the strain in the structure depends on the spin
state of the Co ions and decreases from a low to high-spin state
(Fig. S24, ESIt). The periodic calculations also represent well the
energy splitting of 90 k] mol ™" between CoCo (1) and CoCo (7)
together with the Co---Co distance in the paddle wheel units,
which is 2.50 and 2.79 A in the periodic calculations vs. 2.44 and
2.82 A in the cluster calculations, respectively.

The energy difference between the most stable state of the
periodic ¢p and op phase is —91 k] mol™" per unit cell (Co, and
two 2,6-ndc linkers). The strain (E(str)) is 84 k] mol™" per unit
cell, which is 18 k] mol™* smaller in comparison to the corre-
sponding strain in DUT-8(Ni). This result is in line with the
Brillouin spectroscopy, as discussed above. The dispersion
energy difference (AE(disp)) between cp an op phase is also
somewhat smaller in comparison to DUT-8(Ni), but only by
13 k] mol " (Tables 4 and S1%). Thus, overall energetic balance
shows slightly higher stability of the ¢p phase of DUT-8(Co) in
comparison to DUT-8(Ni).

Spin related UV-vis spectra simulation. The UV-vis spectra of
DUT-8(Ni) were modelled using TDA-TD-DFT on a cluster model
assuming an open-shell singlet spin state resulting from two
unpaired electrons per metal atom with antiferromagnetic
coupling between the two adjacent spin centers. After blue-
shifting the calculated spectrum by 750 cm™', very good
agreement with the experimental data is achieved (Fig. 7c). All
strong absorptions in the visible range can be attributed tod —
d transitions. Apart from the bands in the regions of 20 000-
23 000 cm™ ' and 13 000-5000 cm ™', which have strong d,./dy,
— dy/d,e_) and d,, — d,2 character, respectively, TD-DFT
predicts a third maximum around 10 000 cm ™" with dyr/dy; —
d,> character. It should be noted, though, that the above-
mentioned d orbitals interact with the ligand orbitals to split
into a large variety of molecular orbitals and each transition can
be decomposed into a multitude of contributing orbitals,
complicating an intuitive understanding of the transitions.
Upon transition from the open pore to the closed pore phase of
the MOF, all d — d transitions are red-shifted, this effect being
strongest for the highest-energy transitions. Apart from d —
d transitions, also ® — 7 transitions occur; the lowest ones
reach into the blue region of the spectrum, but are covered by
the much stronger d — d transitions.

As a d’ system, Co>" gives a more complicated electronic
structure than Ni®>". For the TD-DFT calculations, both ferro-
magnetic and antiferromagnetic coupling between both low-
spin and high-spin (one and three unpaired electrons per
metal center, respectively) were considered. Unfortunately, the
higher number of transitions within a narrow spectral range
and the errors inherent to state-of-the-art TD-DFT approxima-
tions make it difficult to compare the calculated spectra with
the experimental data. The spectra calculated for the high-spin
open pore form are consistent with the experimental data.
Spectra calculated for ferromagnetic and antiferromagnetic
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Fig. 7 (a) Comparison of the constrained geometry scans of the
M-M-N angles for the representative Co (violet) and Ni (yellow)
paddle wheel clusters. Simulated UV-vis spectra of (b) DUT-8(Co) and
(c) DUT-8(Ni). Solid lines represent the experimental and dotted lines
the simulated data. Calculated spectra for both forms of DUT-8(Ni)
have been blueshifted by 750 cm™, for DUT-8(Co) only the closed
pore form was blueshifted by 1500 cm ™.

high-spin states are very similar (Fig. S26, ESIf) and equally
plausible on the basis of the UV/vis data alone. However, neither
of the spectra calculated for the high-spin state explain the
experimental peak at 22 400 cm . The latter is more in line
with the spectra calculated for the low-spin state, which predict
peaks at 22 100 cm ™ and at 20 300 cm ™ for ferromagnetic and
antiferromagnetic coupling, respectively. Comparing the
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Table 4 The energy differences calculated between the most stable
op and cp phases for DUT-8 compounds (for more detailed infor-
mation see Table S1)*

AE(cp-op)/K] AE(disp)(cp-op)/K] E(str)(cp-op)/K]

mol * mol * mol *
DUT-8(Co)  —91 ~175 84
DUT-S(Ni) —86 —188 102

“1 mol in the simulations contains M, paddle wheel unit, two 2,6-ndc
linkers, and 1 dabco molecule.

wavenumbers, the ferromagnetic state may seem more plau-
sible, but since the spectra corresponding to different spin
states likely exhibit different wavenumber shifts, the antiferro-
magnetic low-spin state is also possible. In conclusion, the
experimental spectrum of the open-pore DUT-8(Co) is most
consistent with a majority of high-spin Co centers and
a minority of approximately 5 to 25% of paddle wheels in a low-
spin state. In contrast to that of DUT-8(Ni), the UV-vis spectrum
of DUT-8(Co) apparently blue-shifts upon transition to the
closed pore form. Assuming the same spin state for open and
closed pore form, none of our calculations are able to explain
this blue shift and satisfying qualitative agreement between the
calculated spectrum of the closed pore form with respect to the
experimental spectrum is only achieved after blue-shifting the
former by 1500 cm ™" (Fig. S25, ESIY).

The blue shift could be explained with the calculated spectra
only by assuming different spin states for the two phases: the
above-mentioned spin state mixture for the open pore phase
and an antiferromagnetic low-spin configuration for the closed
pore phase. The latter spectrum would also be the best fit for the
experimental spectrum. However, the low spin state is unlikely
in light of the magnetic measurements. Therefore, despite not
being able to give an explanation of the blue shift and a slightly
worse fit of the spectrum, the antiferromagnetic high-spin state
seems more plausible overall (Fig. 7b).

Discussion

DUT-8(Ni) as well as DUT-8(Co) show particle size dependent
desolvation behaviour. The crystallites smaller than certain
critical size do not show closing upon solvent removal and
behave as rigid microporous materials in physisorption of gases
and vapours. The micrometre-sized crystals of both materials
transform to closed pore forms and display pronounced
differences in adsorption behaviour. While Ni based
compounds demonstrate a distinct “gate opening” effect for
nitrogen at 77 K, carbon dioxide at 195 K and n-butane at 298 K,
the Co compound stays in the closed pore form under such
adsorption conditions.

Only one adsorptive, among the adsorptives investigated,
was able to provoke the structural ¢p — op transformation of
DUT-8(Co), namely DCM (CH,Cl,) at 298 K. Interestingly,
exposed to other chlorinated methanes, the Co based frame-
work remains closed, suggesting highly selective adsorption
properties, in contrast to the Ni analogue.
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The underlying structural reason for these pronounced
differences in switchability and adsorption behaviour lies in
subtle differences in the crystal structures of the closed pore
phases and deformability of the Co, paddle wheel unit with
roughly 18 kJ mol " lower strain energy in comparison to Ni.
This enhanced deformation upon closing is also reflected in the
larger M-N bond length and larger M-M-N angle, as well as in
the results of low frequency Raman and Brillouin spectroscopy.
Both spectroscopic methods point to lower force constants as
well as to smaller elastic moduli for DUT-8(Co) framework.

The high barrier for reopening of DUT-8(Co)_cp can be
associated to a differences in the spin states of op and cp phases
and a much stepper potential for the Co,-complex in the cp
form.

This high energetic barrier causes a highly selective pore
opening mechanism resulting in selective recognition of DCM.

The high selectivity for DCM cannot be solely attributed to
adsorption thermodynamics, as the adsorption enthalpies for
CCl, are comparable to that of DCM, and adsorption enthalpy of
chloroform is even higher. But as the “gate opening” is an
activated process, the results suggest an important contribution
for the selective pore opening from favourable kinetics of DCM
adsorption and the smaller size of the adsorptive facilitating the
entry at the openings of the closed channels.

Conclusions

Investigations of the particle size dependent “gate opening”
transitions in DUT-8(Co) reveal striking differences as
compared to the Ni analogue. While submicron-sized particles
show type Ia isotherms and no switchability, macro-sized
samples close during desolvation and cannot be reopened
using weakly adsorbing molecules such as N,, CO,, but even
CHCI; and CCl, also do not provoke “gate opening”. However,
an unprecedented high selectivity for “gate opening” induced
by CH,Cl, and DMF is observed. In depth structural investiga-
tions reveal distinct differences in both the coordination
geometry of the closed pore state and the tilt of the metal cluster
in the respective frameworks. These results were supported by
spectroscopic measurements. Furthermore, Raman spectros-
copy showed pronounced differences in lattice vibration ener-
getics pointing towards characteristic differences in framework
elastic constants. The combined theoretical and experimental
approach gives comprehensive insights into the importance of
structural building blocks (here the metal centre) versus coun-
teracting morphological characteristics (particle size). This
alone is an important step towards rationalization of framework
switchability and the development of a predictive theoretical
framework for flexible MOFs.

From an application point of view, DUT-8(Co) stands out as
a highly selective material for separation, sensing and poten-
tially catalysis, since the material shows this remarkable selec-
tive pore opening for CH,Cl, vs. CHCl; and CCl,. Moreover, the
changes in magnetism in the course of op — ¢p transformation
are worthwhile to be further investigated in future as they imply
interesting coupling of simultaneous magnetic and porosity
switching.
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