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The large cell volume changes of switchable metal—organic frameworks (MOFs) render them as promising
functional materials. Low-frequency phonon modes are known to influence the dynamic response of these
materials. The pillared layer DUT-8(M) materials are prototypical examples of switchable MOFs, enabling
switching between the closed and open pore phases, largely depending on the metal ions constituting
the paddle wheel unit. However, the role of specific phonon modes in the softness of these materials is
still rather unexplored. This study combines complementary spectroscopic techniques such as Raman
spectroscopy, inelastic neutron scattering, and phonon acoustic spectroscopy (PAS) with density
functional theory calculations (DFT) to unravel the vibrational properties of DUT-8(M) with different
metal nodes (M = Ni, Co, Zn, Cu) to address these open questions. After analysis of the various
experimental and theoretical spectroscopic data, the closed pore phase of DUT-8(Ni) appeared to be
stiffer than that of the materials with Co and Zn. Experiments also show that the open pore phase of the
Ni based compound is softer than those containing Zn and Co, although these findings could not be
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mainly an impact on the phonon modes inducing changes in the paddle wheel unit. These results yield
DOI: 10.1035/d3ta02214e valuable insights into the role of the metal node on the observed flexibility in DUT-8(M) materials and

rsc.li/materials-a can help to understand the mechanisms behind the phase transition in switchable MOFs.

induced by the removal/incorporation of guest molecules,'®

1 Introduction
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Switchable metal-organic frameworks (MOFs), offering unique
structural transformations and pore opening accompanied by
large cell volume changes in response to external stimuli,' are
promising materials for sensing,* separations,® catalysis,® and
drug delivery.”® The dynamics of these materials can be
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pressure, photo- and thermostimulation.**™** Stimuli-responsive
behaviour is accompanied by structural changes, which lead not
only to a variation in porosity but also in characteristic vibra-
tional fingerprints.'*™® A thorough vibrational analysis provides
important insight into elastic moduli, reflecting the softness/
stiffness of switchable MOFs (compliance). Furthermore, it
remains an open question if certain phonons (soft modes) can
be identified as initiating the inelastic transition.

Both experimental and computational approaches are
intensively used to quantify mechanical properties of switch-
able MOFs such as bulk modulus, directional and hardness
Young's modulus, shear modulus, and Poisson's ratio.**
Among experimental techniques, high-pressure crystallog-
raphy,”** nano-indentation,” atomic force microscopy,* Bril-
louin scattering experiments®® can be named. Single-crystal
nano-indentation experiments revealed the dynamic mechan-
ical behaviour of [Zn,(L),(dabco)], (L = linear dicarboxylate
linker, dabco = 1,4-diazabicyclo[2.2.2]octane) in various
solvents (e.g. from ~2.08 GPa with N,N-dimethylformamide
(DMF) to ~6.53 GPa with toluene on the 001 facets), attributed
to guest-induced changes to the network geometry.>* High-
pressure diffraction data revealed swelling behaviour of ZIF-8

This journal is © The Royal Society of Chemistry 2023
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instead of compression upon pressure increase to 0.18 GPa,
which is now known as “hyperfilling” of the MOF pores with
hydrostatic fluids.”” Computational investigations of ZIF-8
mechanical properties revealed shear-mode softening behav-
iour, since elastic constants (shear modulus) decrease with
increasing pressure from 0 to 0.35 GPa.”® In order to obtain
information related to a crystalline material's elasticity (elastic
constant tensor), Coudert and co-workers determined the
mechanical properties of MIL-53(Al) and several other wine-rack
type MILs through DFT calculations, demonstrating significant
anisotropy in the Young's modulus which they attribute to the
flexibility of the framework in two dimensions.*

The combination of experiments and theory has also proven
to be helpful in understanding the lattice dynamics in flexible
MOFs. For example, the pioneering work of Ryder et al®
applied inelastic neutron scattering (INS) experiments and
infrared (IR) spectroscopy supported by density functional
theory (DFT) calculations to investigate the terahertz vibrations
in ZIFs, including the gate-opening mode in ZIF-8. This shows
that the theoretical prediction of experimental terahertz spectra
is crucial to identify the soft phonon modes in MOFs.'**' A
similar experimental/theoretical approach was reported for
MIL-53(Al),** through IR and Raman spectra, characteristic
vibrations were identified, which may influence the breathing
mechanism. The theoretical calculations demonstrated also
that linker substitutions in flexible MIL-53 analogues have
a large effect on the rigid-unit mode frequencies, whereas this is
less so for inorganic chain substitutions."”

In our efforts to achieve a better understanding of node and
hinge dynamics leading to adsorption-induced flexibility, we
report here insights into elastic characteristics and associated
intrinsic framework softness for a model system DUT-8(M),
which can be synthesized with a variety of metal nodes con-
taining Ni, Co, Zn, or Cu.*® We are particularly interested in the
influence of the metal on the vibrational dynamics and soft
modes alterations inducing the deformation of the lattice.

DUT-8 with a composition of [M,(2,6-ndc),dabco], (2,6-ndc -
2,6-naphthalene dicarboxylate) is a well-studied representative
of the pillared layer MOF family, containing the dinuclear
paddle wheel unit (M,(C0O0),) acting as nodes and naphthalene
as linker core (see Fig. 1).>*** The compounds show pronounced
flexibility upon desolvation (formation of the closed pore (cp)
phase) and adsorption of fluids (reopening to the open pore (op)
phase).** The dynamic response of the frameworks in this series
of gate opening MOFs is strongly dependent on chemical
composition (metal in the node),***” but also the particle size
has a decisive influence on the structural switching behaviour
between an op and a cp states.***® Thus, the flexibility is
determined by e.g. the stiffness of the node, the dispersive
interactions between the linkers, and/or the surface energy and
may affect the adsorption properties.’”** Moreover, it was
demonstrated that the solvent in the network's pores governs
the framework's structural features in the solvated state.*>*

DUT-8 frameworks show remarkable selectivity in CO,/CHy,
CH,Cl,/CHCIl;/CH;Cl as well as D,/H, separation which can be
tailored by metal substitution.******** In seeking to establish
a better understanding of the role of lattice vibrations impacted
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Fig. 1 (a) Visualization of the op phase of DUT-8(M) with the 2,6-ndc
linker, the dabco pillar and the dinuclear paddle wheel unit (M = Zn,
Co, Cu, or Ni); (b) visualization of the structural transition in DUT-8(M)
from the open pore (op) to the closed pore form (cp) for M = Ni.

by the bonding strength of various metals (i.e. Ni, Co, Zn, and
Cu), in the following, we combine complementary experimental
techniques, in particular Raman spectroscopy, inelastic
neutron scattering, and phonon acoustic spectroscopy, to
unravel the impact of phonon frequencies on flexibility. The
interpretation of these experiments is corroborated by theoret-
ical calculations yielding insight in the low-frequency phonon
modes governing the flexibility.

2 Results and discussion

2.1 Synthesis and basic characterization of DUT-§(M), M =
Ni, Co, Zn, Cu

The DUT-8(M) samples, based on Ni, Co, and Zn were synthe-
sized as macro-sized or submicron-sized crystals (for more
details see Experimental Part and ESI, Section 17).**%%4%% In
contrast to switchable macro-sized crystals transforming to the
cp phase upon desolvation, the submicron-sized particles allow
to perform the measurements on desolvated, solvent-free op
materials, since they do not transform to the cp phase after
desolvation (Fig. S1aft).

Powder X-ray diffraction (PXRD) patterns for all as-
synthesized compounds are in good agreement with the
patterns calculated from the single crystal structures (Fig. S1b,
S4a and S7at), indicating that all samples are phase pure and
isomorphous.

The desolvation of the macro-sized Ni, Co, and Zn based
compounds leads to the cp phases (Fig. 1b), as confirmed by
PXRD patterns (Fig. Sic and S4bt). The porosity of the des-
olvated materials was verified by nitrogen physisorption
(Fig. S2a and bt).

The macro-sized particles of DUT-8(Cu) mainly remain in the
op phase after solvent removal (Fig. S1at) or collapse to the new
interpenetrated, confined closed pore (ccp) phase, structurally
differing from the cp phase known for Ni, Co and Zn based
compounds.*® The ccp phase of DUT-8(Cu) was not investigated
further in this work.
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https://doi.org/10.1039/d3ta02214e

Published on 27 June 2023. Downloaded by Ghent University Library on 7/24/2023 12:31:01 PM.

Journal of Materials Chemistry A

The desolvation of the submicron-sized particles of DUT-
8(M) containing Co and Ni as expected led to the solvent free
op phases, according to the PXRD analysis (Fig. S1at).

2.2 Crystal structures of investigated compounds

2.2.1 Open pore phases. The solvated samples of DUT-8
based on Ni, Co, Zn, and Cu show only minor differences in
the crystal structures (see Table S2 and Fig. S8-S117).
Comparing the experimental structural parameters of the
structures crystallizing in the C2/m space group shows slight
variations in the cell volumes between 3125 and 3303 A®. The
longest M---M distance in the paddle wheel is found for the Zn
based compound, while in the Ni, Co, and Cu based MOFs, the
M---M spacing is comparable. Furthermore, the Cu based MOF
stands out with the largest bond length between the metal and
the nitrogen atom of the dabco ligand. The N-M bond for the Co
compound is shorter but still slightly longer than for Ni and Zn.
This is comparable to the Jahn-Teller elongation in sixfold
coordinated M(II) (M = Co, Cu) complexes.”” According to the
magnetic measurements, the Co in DUT-8(Co) is supposed to be
present in the high spin state,** known to induce a weak Jahn-
Teller effect, in contrast to Cu, which is prone to strong Jahn-
Teller distortion in the presence of certain ligands.

The structural parameters of the theoretically optimized op
structures largely show the same trends as those in the experi-
mental structures, except for the M---M distance and the M-N
bond length in DUT-8(Co) (see Table S2 and Fig. S8-5117).

2.2.2 Closed pore phases. After desolvation, the resulting
solvent-free phases show more significant differences in the
experimental crystal structures (Table S3 and Fig. S12-S147). In
the cp phases, the 2,6-ndc linkers are closely packed and tend to
optimize their alignment to maximize the dispersion interac-
tions of the linker core at the expense of a distorted coordina-
tion geometry of the metals.

In the case of DUT-8(Ni)_cp, the adjacent O-Ni-O angles are
ranging between 61° and 110°, pointing on very strong distor-
tion from the square-pyramidal coordination geometry (Fig. 2
and S127). Thus, the bending of the carboxylate hinges is ex-
pected to be the main origin of the “gate opening” mechanism.
In contrast, the coordination geometry of the Co cluster within
DUT-8(Co)_cp undergoes only minor changes during the
closing (Fig. 2 and S131). The corresponding O-Co-O angles are
between 91° and 97°, but the Co,(COO),; unit shows strong
shear deformation, altering the angle between the N---N (dabco)
and M---M (paddle wheel) axes significantly. The corresponding

L

L
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L

Co..Co 2.64 A Zn..Zn 3.80 A

Ni...Ni 2.74 A

Fig. 2 Paddle wheel unit in the closed pore phases of DUT-8(Ni) (a),
DUT-8(Co) (b), DUT-8(Zn) (c).
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M-M-N angle in DUT-8(Ni)_cp structure is 153.9°, whereas in
DUT-8(Co)_cp it amounts to 141.5°.*

In DUT-8(Zn), the M---M distance is the longest among all
members of DUT-8(M)_cp series (3.80 A, Table $31), which leads
to a strong elongation of some Zn-O bonds (Fig. 2 and S147).
Hence, the paddle wheel unit disintegrates and the coordina-
tion polyhedron changes from quadratic pyramidal to distorted
tetrahedral. The disintegration of the paddle wheel unit by
detachment of two Zn-O bonds yields more freedom to the 2,6-
ndc linkers to acquire a favourable stacking driven by disper-
sion interactions.*®*® The experimental properties of the DUT-
8(Cu)_cp phase cannot be discussed in the present work,
since this phase was not observed experimentally.

The theoretically optimized structure of DUT-8(Ni)_cp has
structural parameters which are very close to the experiment.
The predicted structural parameters of the materials with other
metal compounds are similar to those of DUT-8(Ni)_cp and,
hence, deviate from the experimentally obtained values (see
Table S3 and Fig. S12-S14%). For the Zn compound, this can
largely be explained by the disintegrated paddle wheel unit in
the experimental structure.

2.3 Calculation of terahertz vibrations

To gain initial insight into the low-frequency vibrational spec-
trum of the different DUT-8(M) (M = Ni, Co, Zn, Cu)
compounds, their lattice vibrations in the gamma point were
predicted for both the op and cp phases. The analysis is
restricted to the 30 eigenmodes with the lowest frequencies, as
these will mainly govern the flexible behaviour. The modes are
described by subdividing them in translations and rotations of
the separate building blocks (see Section 2.3.1). The normal
modes of the Ni**, Co®>" and Cu®*" compounds will be discussed
in comparison to the Zn compound since the influences of the
spin state can be neglected for Zn>*, and it may serve as
a nonmagnetic reference for the isostructural compounds
containing 3d transition metals.*” As the experimental cp phase
structure of DUT-8(Zn) exhibits a disintegrated paddle wheel
unit, the impact of this disintegration on the terahertz modes
will also be discussed here.

2.3.1 Open pore phases. In the op phases we, as expected,
identified three translational modes with (almost) zero
frequency (see Fig. 4). Noteworthy frequency differences occur
for the Raman inactive modes involving rotations of the dabco
linker (modes A in Fig. 4, 3b and S15%): DUT-8§(Co) has
frequencies comparable to DUT-8(Zn), whereas the frequencies
within DUT-8(Cu) have become imaginary and those of DUT-
8(Ni) are considerably higher. The near-zero frequency in the
Zn, Co and Cu compounds indicates that the dabco rotation is
almost unhindered. In contrast, the frequency of this mode
within DUT-8(Ni) is higher due to a slight distortion of the
paddle wheel unit, which possibly hinders the dabco rotation.

Next, we find a mode with a very low frequency, around
15 cm ' in DUT-8(Zn) that has a significantly higher frequency
in the other three structures (mode B in Fig. 4). This mode can
be described by translations of the paddle wheel and dabco
units combined with a rotational motion of the 2,6-ndc linkers

This journal is © The Royal Society of Chemistry 2023
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a) 2,6-ndc rotation b)
21 cm? /60 cm?

dabco rotation
7 cm?/38 cm?

Fig. 3 Schematic visualization of the normal modes involving rota-
tions of the 2,6-ndc linker (Raman active) (a) and dabco linker (Raman
inactive) (b) in the op phase of DUT-8(Zn). Static DFT predictions of the
normal mode frequencies are presented for the op/cp phase of DUT-
8(Zn).

(see Fig. S161). The frequency of this mode in DUT-§(Zn) is
lower, probably because the 2,6-ndc linker is already tilted,
facilitating the translation of the other building blocks.
Furthermore, we observe several normal modes that display
frequency differences of (less than) 5 cm™' between the
different structures, showing that the choice of the metal atom
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Fig. 4 Characterization of the 30 normal modes with the lowest
frequencies of DUT-8 materials in their op phase. Top: Vibrational
frequencies of the different terahertz vibrations within DUT-8(Zn).
Middle: Frequency difference between corresponding modes of DUT -
8(Co), DUT-8(Cu), or DUT-8(Ni) and DUT-8(Zn). Bottom: Subdivision
of the displacements within each terahertz mode of DUT-8(Zn) in
translations (T) and rotations (R) of the 2,6-ndc linker (L), the dabco
linker (D), the paddle wheel unit (P), and other types of motions. The
normal modes discussed in Section 2.3.1 are labelled at the top of the
figure. The Raman active normal mode involving rotations of the 2,6-
ndc linker is highlighted in dark grey.
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has no impact on them (modes C). They involve mainly rota-
tions (see Fig. 3a and S171) and translation (see Fig. S18t) of the
2,6-ndc linker.

At even higher frequencies, several terahertz modes exhibit
subtle frequency differences but no clear trend appears.
Consequently, and given their relatively high frequency, it is not
expected that they have a large influence on the flexibility.
exhibiting mainly
internal vibrations, which show very large frequency differences
between the structures (modes D in Fig. 4). They involve
a distortion of the dabco unit due to the rotation of the two
NC;Hg units in the opposite direction (see Fig. S197). They have
a much lower frequency in DUT-8(Cu), probably because these
dabco units are less distorted compared to DUT-8(Zn). In
contrast, the vibrational frequencies of these modes in DUT-
8(Ni) are much higher, which may be linked to an increased
distortion of the dabco unit.

Finally, above 75 ecm™' a single mode yields frequency
differences larger than 20 cm ™" (mode E). This is because this
mode has a different mode character in DUT-8(Zn) and DUT-
8(Cu) on the one hand (mix of dabco translations and linker
rotations) and in DUT-8(Co) and DUT-8(Ni) on the other hand
(mainly linker rotations) (see also Fig. S29t). This different
mode character could originate from a decreased length of the
1D chain formed by the paddle wheel and dabco units in the
latter compounds.

In summary, differences in the paddle wheel unit mainly
cause the frequency differences: the Ni based paddle wheel unit
is more distorted than the one with Zn, which, in its turn, is
more distorted than the Cu paddle wheel unit. Thus, the pres-
ence of Ni increases the vibrational frequency of several ter-
ahertz modes, which may stiffen the op phase of DUT-8(Ni)
compared to Zn whereas the opposite is true when Cu is used as
the metal atom. The terahertz frequencies of DUT-8(Co) are
similar to those of DUT-8(Zn). For the Ni, Zn, and Co based
compound this finding are in agreement with the experimental
observations. The stabilisation of the metastable open pore
phase is possible in much larger crystals for DUT-8(Ni) than it is
the case for DUT-8(Zn) and DUT-8§(Co).***%*

2.3.2 Closed pore phase. For the cp phase structures, we

Except for two modes around 75 cm "

observe only small frequency differences for terahertz vibra-
tions below 50 cm ™" (see Fig. 5). In that range, we again find the
translation modes with a frequency of 0 cm™". The next three
modes with the lowest vibrational frequency (modes B in Fig. 5)
combine either translations of the paddle wheel unit and the
dabco linker with rotations of the 2,6-ndc linker (see Fig. S20
and S217) or translations of the 2,6-ndc linker with rotations of
the paddle wheel unit (see Fig. S227).

These modes have a slightly reduced frequency in the three
structures other than DUT-8(Zn) potentially softening these
materials. In contrast to the op phase structures, the modes
involving dabco rotations (modes A in Fig. 5) have a non-
negligible frequency as this rotation is hindered in the denser
cp phase (see Fig. S237). As a result, the distortion of the paddle
wheel unit has less effect on the vibrational frequency yielding
almost equal values for all four structures.

J. Mater. Chem. A, 2023, 11, 15286-15300 | 15289
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Fig. 5 Characterization of the 30 normal modes with the lowest
frequencies of DUT-8 materials in their cp phase. Top: Vibrational
frequencies of the different terahertz vibrations within DUT-8(Zn).
Middle: Frequency difference between corresponding modes of DUT -
8(Co), DUT-8(Cu), or DUT-8(Ni) and DUT-8(Zn). Bottom: Subdivision
of the displacements within each terahertz mode of DUT-8(Zn) in
translations (T) and rotations (R) of the 2,6-ndc linker (L), the dabco
linker (D), the paddle wheel unit (P), and other types of motions. The
normal modes discussed in Section 2.3.2 are labelled at the top of the
figure. The Raman active normal mode involving rotations of the 2,6-
ndc linker is highlighted in dark grey.

Also the vibrations, inducing rotations and translations of
the 2,6-ndc linker, have an increased vibrational frequency
compared to the op phase (modes C) due to the increased
hindrance of these modes. For translations of opposite linkers
in the same direction, the choice of metal atoms does not affect
the vibrational frequency of these modes (see Fig. S24 and
S25%). For all the other modes involving translations or rota-
tions of the 2,6-ndc linker (see Fig. $26-528t), the choice for Co
or Ni metal atoms increases the vibrational frequency of these
modes. Therefore, these modes stiffen the cp phase of DUT-
8(Co) and DUT-8(Ni).

In general, the DUT-8(Ni) frequencies are higher, the DUT-
8(Cu) frequencies are lower, and those of DUT-8§(Co) are
similar to DUT-8(Zn), which is the same observation that was
made for the terahertz vibrations in the op phase.

In summary, the cp phase of DUT-8(Cu) is expected to be
softer than DUT-8(Zn) because most of its terahertz vibrations
have a lower frequency. Since such a DUT-8(Cu)_cp phase was
not obtained experimentally yet, we will disregard this
compound in further discussions. Analysing the softness of the
Ni and Co variant is more difficult because some of the lowest
frequency modes are softer, whereas modes involving trans-
lations and rotations of the 2,6-ndc linker are stiffer than in
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DUT-8(Zn). However, the softness of the latter modes in DUT-
8(Zn) and DUT-8(Cu) might explain why their cp phase struc-
ture can easily transform to one with a disintegrated paddle
wheel unit (see also next section). For modes above 75 cm™ 7, it
becomes hard to explain the observed frequency differences as
there is no clear trend, the modes are more difficult to subdivide
in contributions due to building blocks, and, related to that, not
all modes of the four structures could be linked to each other
(see Fig. S307).

As the performed phonon calculations rely on the harmonic
approximation, the predicted frequencies may be affected by
anharmonicities. The calculation of anharmonic frequencies
for the op and cp phases of DUT-8(Ni) (Section 9, ESIt) shows
that the phonon modes in general do not soften when anhar-
monicities are taken into account, at least when phonon
coupling is neglected. However, it remains an open question
whether soft modes might be observed when also phonon
coupling is considered.

2.3.3 Theoretical considerations about the effect of paddle
wheel disintegration on terahertz vibrations. So far, our theo-
retical calculations considered only DUT-8(M) structures with
an intact paddle wheel unit. However, as discussed in Section
2.2.2, the experimental cp phase structure of DUT-8(Zn) consists
of a partially disintegrated paddle wheel unit, which is expected
to have an impact on the lattice vibrations.

Static DFT calculations (see Section S61 for more details)
suggest that the cp phases of DUT-8(Zn) and DUT-§(Cu) with
disintegrated paddle wheels are more stable than the cp phases
with an intact paddle wheel unit due to the increased dispersion
interactions. In contrast, DUT-8(Ni) and DUT-8(Co) prefer intact
paddle wheels (see Table 1). The theoretical predictions for the
Zn, Ni, and Co variant are in line with the structures obtained
experimentally. The Cu based compound experimentally shows
complex behaviour: depending on the desolvation conditions,
the compound remains in the op phase or collapses to the new
phase, structurally differing from the cp phase.

The disintegration of the paddle wheel unit can affect the
low-frequency modes, as they strongly depend on the interac-
tions between the building blocks. This effect was investigated
for the cp phase structure of DUT-8(Zn) (see Fig. S317 for visu-
alization). The different morphology of the deformed and intact
cp phase can give rise to other types of motion, complicating the
identification of equivalent normal modes. Therefore, it was not
possible to compare normal modes of the intact and deformed
structure via the methodology using dot products explained in
the theoretical section. Instead, 11 terahertz vibrations with the
lowest non-zero frequencies in both structures were linked by
visual inspection of the mode displacements (see Table S4+).

Based on the terahertz vibrations with the lowest frequen-
cies, it is clear that, in general, the normal modes in the

Table 1 Electronic energy difference between the cp phases of DUT-
8(M) with disintegrated (dis) and intact (int) paddle wheels (in kJ mol™)

Ni Co Zn Cu

AEdis-int 122.24 33.06 —10.59 —25.57

This journal is © The Royal Society of Chemistry 2023
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deformed cp phase are red-shifted compared to those in the
ideal cp phase. This could originate from the increased freedom
of the dabco and 2,6-ndc linkers due to the breakage of the
metal-oxygen bonds making the terahertz vibrations softer.

2.4 Spectroscopic characterization

To study the flexibility and mechanical properties of the DUT-8
materials, the frameworks were analysed using complementary
analytical methods. Prior basic characterization of the crystal
structures (Sections 2.1 and 2.2) will help to interpret the results
and, where possible, the spectroscopic data will be linked with
the theoretically predicted terahertz vibrations (Section 2.3).
2.4.1 Raman spectroscopy. Theoretical and experimental
Raman spectra were compared to relate the theoretically pre-
dicted lattice vibrations of the model structures with the
experiment.*”*"*® For the op phase, a good agreement is
observed between theory and experiment (see Fig. 6a and b).
In the high frequency range, Raman active bands arise due to
local vibrations within the different building blocks, such as
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stretching within the carboxylate group, bending within the
CH, groups, and stretching of the aromatic rings.

In the terahertz region (below 300 cm™") characterized by
collective vibrations, one clear band around 20 cm™" can be
recognized, which is present in the spectra of all four op phase
structures. This band can be assigned to a rotation of the 2,6-
ndc linkers (see Fig. 3 and S171 and the modes highlighted in
grey in Fig. 4 and 5). The exact values of the predicted and
experimental frequencies of this Raman band for the four
structures can be found in Table 2. The numbers reported
earlier for DUT-8(Ni) are in good agreement with the present
data.® The values for different metals are very close and,
therefore, it is challenging to draw conclusions on the flexibility
based on this single Raman band.

The Raman spectrum of the op phase of DUT-8(Ni) differs
substantially from those of the other three structures. Around
1015 cm ', the band caused by C-C-stretching within the dabco
unit is Raman active for DUT-8(Ni) (see Fig. S337), while this is
hardly the case for the other three structures. Furthermore, the
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Fig. 6 Comparison of the calculated and measured Raman spectra for the op phases (a and b) and cp phases (c and d) of DUT-8(Ni),*° DUT-

8(Co),%* DUT-8(Zn)*” and DUT-8(Cu).!this workl
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Table 2 Vibrational frequency (in cm™) of the Raman band due to 2,6-ndc linker rotation within the DUT-8(M) structures®
Zn Ni Co Cu
cp Experiment 44 (ref. 37) 59 (ref. 50 and 51) 47 (ref. 41) —
Static DFTIThs work] 60 72 70 57
AIMD 47 52 NDA 53
Static DFT>' NDA 67 NDA NDA
op Experiment 22 (ref. 37) 23 (ref. 50 and 51) 24 (ref. 41) 24[This worl]
Static DFTIThs work] 21 16 16 19
AIMD 25 24 27 24
Static DFT>' NDA 25 NDA NDA

% NDA - no data available.

distortion within the paddle wheel unit gives rise to an intense
Raman band in the DUT-8(Ni) spectrum around 223 cm ' (see
Fig. $327), which is absent in the spectra of the materials with
other metals. Both characteristic vibrations are influenced by
the paddle wheel structure and the coordinated dabco. From
a geometry optimization with static DFT it is clear that the
paddle wheel in the op phase structure of DUT-8(Ni) is dis-
torted, whereas this is less the case for the other op phase
structures (see Fig. S347 for a visualization).

For the cp phase structures, there is still a significant overlap
between theoretically predicted Raman bands and experimental
ones (see Fig. 6¢c and d). In the higher frequency region, the
same bands appear that were present in the op phase structures
but are slightly shifted.

In the terahertz region, it becomes clear that the strongest
Raman band, corresponding to the rotation of the 2,6-ndc, is
shifted to higher wavenumbers due to increased hindrance
caused by the proximity of neighbouring linkers. Experimen-
tally, the frequency of this band increases in the series from
DUT-8(Zn) over DUT-8(Co) to DUT-8(Ni). The same trend follows
from the static DFT calculations, although the theoretical
frequencies seem to be overestimated. This probably results
from an underestimation of the unit cell volume, which has
been shown to largely affect the frequency of this mode in MIL-
53(Al).>*>** Based on this single Raman band, it appears that the
cp phase of DUT-8(Zn) is softer than it is in Co and Ni based
counterparts. One particular feature in the experimental Raman
spectrum of DUT-8(Zn) that needs to be mentioned are the
Raman bands at 26 and 44 cm . Theoretically, only bands are
predicted at 40-47 cm™". Considering that the experimental
structure consists of a disintegrated paddle wheel (see Section
2.3.2), the additional Raman band at a lower frequency can be
explained by the rotation of the 2,6-ndc linkers, which is less
hindered.

2.4.2 Inelastic neutron scattering (INS). INS measurements
were performed on the neutron time-of-flight (ToF) spectrom-
eter NEAT at BER II in Berlin.**** The ToF technique allows the
study of dynamic phenomena in the materials and is sensitive
to hydrogen modes due to the larger incoherent neutron cross
section of hydrogen compared to other atoms. In neutron
scattering experiments, in addition to scattering events with
unchanged neutron energy (so-called elastic scattering),
neutrons can lose or gain energy. Assuming that only phonon
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excitations are taking place in incoherently scattering systems,
the dynamic structure factor can be described in the following
form:

S(Q.w) = §(Quw) x e M9 + S Q) (1)
QkoT (08l
Su(0,0) = LleLemasly) @

where e 2" is the Debye-Waller factor, Q is the neutron
momentum transfer, M is the effective mass of the scattering
unit and g(w) is the vibrational density of states. Due to the
temperature dependence of the vibrational density of states, the
neutron intensity on the neutron energy gain site depends
strongly on temperature.

The energy range scanned in the experiments includes the
low-frequency vibration region up to 121 cm ™.

The spectra were collected for representative compounds
containing Co, Cu, and Ni in the paddle wheel in the solvent-
free, op forms at various temperatures, and for Co and Ni
based MOFs in the cp form.

2.4.2.1 Open pore phases. To investigate the op forms, the
samples in the submicron-sized particle range were synthesized
to stabilize the metastable open pore solvent-free frameworks.
For DUT-8(Ni)_op, the most pronounced peak is located at 3.2
meV (26 cm™ ') at 300 K (see Fig. 7a). The peak is visible in both
the energy gain and energy loss regions. In accordance with the
theoretical calculations, this vibration corresponds mainly to
the rotation of the 2,6-ndc linkers in the structure (Fig. 8c and
Table 3). The peak appears at the same position also in the
spectra of DUT-8(Co)_op and DUT-8(Cu)_op, as is also predicted
by theory. The second peak for DUT-8(Ni)_op is visible at 4.4
meV (36 cm ') in the spectrum at 300 K in the energy loss
region. This peak mainly results from translations of hydrogen
atoms on the 2,6-ndc linkers (so-called trampoline motion,
Fig. 8d and Table 3). The positions of these two peaks do not
change if the temperature is decreased to 39 K. At low temper-
atures (at 39 K), two additional peaks appear at 1.2 meV
(9.6 cm™") and 2.1 meV (17 cm™ ") for DUT-8(Ni). Based on our
calculations, the first peak involves rotations of the paddle
wheel and dabco units together with translations of the 2,6-ndc
linkers (Fig. 8a and Table 3).

The second peak involves rotations of the dabco pillars
coupled with slight rotations of the paddle wheel units (Fig. 8b

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Experimental INS spectra of DUT-8(Ni)_op (a), DUT-8(Co)_op
(b) and DUT-8(Cu)_op (c) at different temperatures measured at 3 A.
The elastic line at w = 0 meV can be seen. The neutron energy gain site
corresponds to the scattering with negative values of energy transfer,
while neutron energy loss is related to the scattering at positive values
of energy transfer.

and Table 3). Such peaks are not visible in the low-temperature
spectra of DUT-8(Cu) and DUT-8(Co).

Comparison of the spectra for Ni, Co, and Cu based open
pore phases at 200 K (Fig. 9b) shows close similarity. In all
spectra, the peaks at 3.2 and 4.4 eV are present. For all inves-
tigated samples, the spectra are characterized by the increase of
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b) 16 cm
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Fig. 8 (a) Rotations of paddle wheel and dabco units with translations
of 2,6-ndc linkers. (b) Rotations of dabco units. (c) Rotations of 2,6-ndc
linkers. (d) Trampoline motion of 2,6-ndc linkers.

the signal at a very low energy range which cannot be resolved
anymore from the elastic line.

The comparison of the quasi-elastic broadenings of the op
phases shows the narrower peak for Cu and the broadest one for
Co (Fig. 9b). However, with the increasing temperature, the
quasi-elastic peak widths show a steep increase, indicative of
accelerated motions (Fig. 7).

2.4.2.2 Closed pore phases. In the DUT-8(Ni)_cp phase, two
peaks at 3.2 meV (25.8 cm™ ') and 7.5 meV (60 cm™ ') were
observed in the energy loss region of the spectrum at 300 K
(Fig. 10a). In the calculated data of DUT-8(Ni)_cp phase there
are several modes between 13 and 43 cm™" (modes A and B in
Fig. 5). These modes often involve dabco rotations and may give
rise to the peak at 3.2 meV. The lowering of the temperature
causes a shift of the peak at 3.2 meV to the higher energies and
at 38 K the peak is positioned at 3.5 meV (Fig. 9a).

The second peak observed at 7.5 meV can be assigned to
phonon modes inducing 2,6-ndc linker rotations and is not
visible at 38 K anymore.

For DUT-8(Co)_cp only one peak at 4.1 meV (33.1 cm™ ")
could be identified in the experiment (Fig. 9a). The temperature
dependence is not pronounced in this case and at 20 K the same
position could be found (Fig. 10b). Obviously, the motion of the
2,6-ndc linker is influenced by the temperature and can be
frozen in the cp phases. In contrast, the dabco rotation is still
pronounced even at very low temperatures.

2.4.3 Phonon acoustic spectroscopy (PAS). Finally, we used
ultrasonic pulse echo measurements to determine the speed of
sound. To the best of our knowledge, this technique has rarely
been used for the analysis of phonons in MOFs. A major chal-
lenge, however, is the necessity to prepare samples as highly
dense pellets. As the op phases under high external pressure
transform to the cp phase or deteriorate, we limited this study to
the cp phases only. Due to the experimental densities of =80%
(based on geometrical density), the measured values are ex-
pected to systematically underestimate the speed of sound but
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Table 3 Calculated (static DFT) and observed positions of INS bands in the DUT-8(M)_op phases

Calculated for DUT-8(Ni), cm " 14 16-23 23-29 36-40

Experimental in DUT-8(M), cm ™" 9.6 (M = Ni)

allow a qualitative comparison between compounds.® In addi-
tion, the crystallinity of the samples suffers from pelletization
and the PXRD of DUT-8(Co)_cp points on the considerable
amorphization of the sample (Fig. S4ct).

We could tentatively observe a higher mean speed of sound
for the Ni based system compared to Zn and Co (see Fig. 11),
which have similar values, indicating that the Zn and Co based
compounds have in overall a softer framework structures
compared to DUT-8(Ni).

2.5 Comparison of complementary spectroscopic signatures
of DUT-8 series

Table 4 compares the insights into collective motions obtained
from the various spectroscopic techniques and the calculations.
Despite some inabilities to exactly reproduce the observed peak
positions by theory, tentative trends are well predicted.
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Fig.9 (a) INS spectra of DUT-8(Ni)_cp and DUT-8(Co)_cp at 38 K and

20 K, respectively. (b) INS spectra of DUT-8(Ni)_op, DUT-8(Co)_op,
and DUT-8(Cu)_op at 200 K.
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Fig. 10 INS spectra of DUT-8(Ni)_cp (a) and DUT-8(Co)_cp (b) at
different temperatures measured at 3 A.
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Table 4 Positions of characteristics peaks obtained by different methods®

DUT-8(Ni) DUT-8(Co) DUT-8(Zn) DUT-8(Cu)
Samples/Methods op cp op cp op cp op cp
Calculated Raman bands/cm™*
Static DFTThis work] 16 72 16 70 21 60 19 57
AIMD 24 52 27 NDA 25 47 24 53
Static DFT>' 25 67 NDA NDA NDA NDA NDA NDA
Raman experimental bands/cm™*
Raman 2304 59 2424 47 2004 44 (26) 2474 —
INS experimental bands
INS/cm " [meV] 9.6 [1.2] “° 26 [3.2] 26 [3.2] ©° 33.1[4.1] NDA NDA 26 [3.2] ¢ —
17 [2.1]
26 [3.2] 60 [7.5] 36 [4.4] 36 [4.4]
36 [4.4]
Speeds of sound/m s*
PAS NDA 953 NDA 762 NDA 803 NDA —

“ NDA - no data available. ? Solvated with DMF. ¢ Dried. ¢ Macro-crystals. ¢ Submicron crystals.

In particular, the increase in Raman frequencies of the
Raman active phonon mode inducing linkers rotation as
a result of op to cp transition, is reproduced both qualitatively
and quantitatively. It is most pronounced for the Ni system but
also obvious for Co and Zn. It hints at an increasing softness in
the order Ni-Co-Zn for structures in their cp phase. PAS data
tentatively support this claim. However, the observed trends are
not so clear from INS data, but the INS peaks are also severely
broadened for the cp phases.

The spectroscopic signatures of the op phases do not show
significant differences.

Despite the above observations, it remains an open question
to what extent these values can be applied to predict the soft-
ness of frameworks with respect to the op-cp phase transition.
The spectra only reflect the elastic regime of the collective
motions of all building blocks, which are in the terahertz region
often related to the linker rotations. However, the trajectory for
the inelastic phase transition may only for very small distortions
resemble this elastic motion. For the phase transition, an
additional activation barrier and the energy difference between
op and cp forms will affect the phase transformation initiation
and transformation rate.>® Hence, the spectroscopic data can
only give a tentative hint towards a better understanding of
adsorption-induced phase transitions in flexible frameworks.

3 Conclusions

The pillared layer DUT-8 material is an important example of
a switchable MOF exhibiting stimuli-responsive behaviour
accompanied by a large change in unit cell volume. Low-
frequency phonon modes can influence the dynamic
response, which strongly depends on the choice of the metal
ions forming the paddle wheel unit. In this study, we have
applied multiple complementary spectroscopic techniques
such as Raman spectroscopy, INS, and PAS combined with DFT

This journal is © The Royal Society of Chemistry 2023

calculations to unravel the vibrational properties of DUT-8(M)
with different metal nodes (M = Ni, Co, Zn, Cu).

Theoretical Raman spectra were in good agreement with
their experimental counterparts proving the validity of the
model. They allowed pinpointing the single characteristic
Raman band in the terahertz range as a phonon mode inducing
a rotation of the 2,6-ndc linker around its axis. This Raman
band has a comparably low frequency in the op phases of the
different DUT-8(M) structures. When the framework transforms
from the op to the cp phase, this mode increases significantly in
frequency. This increase was most pronounced in the Ni based
material, suggesting that it has the stiffest cp phase structure,
which was also supported by phonon acoustic spectroscopy
data.

INS spectroscopy gave insight in the temperature dependent
behaviour of the linker modes, showing that the motion of the
2,6-ndc linker is influenced by the temperature and can be
frozen in the cp phase.

Although it was not possible to capture the inelastic barriers
affecting the phase transition, the spectroscopic data reported
in this study provide valuable insight into the elastic deforma-
tions of the building blocks and their cooperative motions
affecting the observed flexibility in DUT-8(M) materials,
promoting the mechanistic understanding of guest induced
phase transition in switchable MOFs.

4 Experimental

4.1 Materials

Ni(NO3),-6H,0 (99%), Co(NO;),6H,0 (99%), Zn(NO;), 6H,0
(99%), Cu(NOs),-3H,0 (99-104%), 2,6-H,ndc (99%), dabco
(99%) were purchased from Sigma Aldrich. All solvents were at

least of analytical grade, purchased from commercial suppliers
and used without further purification.
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4.2 MOF synthesis and desolvation

The isomorphous DUT-8(M) compounds (M = Ni, Co, Zn, Cu)
were synthesized according to procedures reported earlier or
following a slightly modified protocol.

4.2.1 Samples for INS

4.2.1.1 Synthesis of macro-sized crystals. The macro-sized
crystals (Table S11) were synthesized following the modified
procedures described in ref. 40, 41, and 46.

DUT-8(Co):** Co(NO3),-6H,0 (1.687 g, 5.81 mmol, 1.56 eq.)
were dissolved in 35 mL DMF, 2,6-H,ndc (1.249, 5.81 mmol, 1.56
eq.) in 105 mL DMF, and dabco (0.420 g, 3.75 mmol, 1 eq.) in
35 mL DMF using ultrasound treatment and combined. Subse-
quently, the mixture was transferred into Teflon vessels and heated
at 393 K in autoclaves for 48 h. After cooling to room temperature
(RT), the sample was washed several times with DMF. This
synthesis procedure results in differently sized crystals, therefore
larger crystals were separated from smaller ones and only large
crystals (9-25 pm, Fig. S3b1) were used for the measurements.

DUT-8(Ni):* all chemicals were dissolved separately:
Ni(NO3),-6H,0 (814 mg, 2.8 mmol, 1.6 eq.) in 12 mL DMF, 2,6-
H,ndc (606 mg, 2.8 mmol, 1.6 eq.) in 30 mL DMF, and dabco
(201 mg, 1.8 mmol, 1 eq.) in 18 mL methanol. The mixture was
sonicated for 10 min, transferred into Teflon vessels (50 mL)
and heated in an autoclaves at 393 K for 48 h. After cooling to RT
the product was isolated by decanting the mother liquor and
washed with fresh DMF.

DUT-8(Cu):** Cu(NOs),-3H,0 (1.450 g, 6 mmol, 1 eq.) and
dabco (0.673 g, 6 mmol, 1 eq.) were dissolved in 30 mL and
22.5 mL MeOH, respectively. 2,6-H,ndc (1.297 g, 6 mmol, 1 eq.)
was dissolved in 67.5 mL DMF. Clear solutions of the copper salt
and 2,6-H,ndc linker were mixed with subsequent addition of
135 mL DMF. Then 13 mL of 1 M HCl was added to the mixture
dropwise. Afterwards, dabco was added, and the reaction
mixture was distributed between several Pyrex tubes, which
were placed into the oven at 353 K for 48 hours. The resulting
crystals were washed three times with DMF.

4.2.1.2 Desolvation of macro-sized crystals. In the following
treatment procedure, DMF used in the synthesis of DUT-8§(M)
was exchanged for a lower boiling point solvents. The macro-
sized crystals of DUT-8§(Ni), and DUT-8(Co) were washed
during 3 days with dichloromethane (DCM), while DUT-8(Cu)
sample was washed with ethanol. After solvent exchange,
samples were filtered under argon flow. DUT-8(Cu), DUT-8(Co)
samples were evacuated at 423 K, and DUT-8(Ni) was evacu-
ated at RT during 16 h.

4.2.1.3 Synthesis of submicron-sized samples. The
submicron-sized crystals were synthesized following the modi-
fied procedures described in ref. 40 and 41.

DUT-8(Co):** 2,6-H,ndc (1.249 g, 5.7 mmol, 1 eq.) was dis-
solved in 126 mL DMF, Co(NO3),6H,0 (1.678 mg, 5.7 mmol, 1
eq.) was dissolved in 42 mL DMF, dabco was dissolved in (2.1 g,
18.7 mmol, 3.2 eq.) in 42 mL DMF. Three solutions were
combined, forming the cloudy mixture, which was exposed to
ultrasound treatment for 60 minutes. The supernatant was
removed by centrifugation and crystals were washed with DMF
several times.

15296 | J. Mater. Chem. A, 2023, 11, 15286-15300
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DUT-8(Ni):* chemicals were dissolved separately: 2,6-H,ndc
(2.94 g, 13.7 mmol, 1 eq.) in 200 mL DMF, Ni(NO3), 6H,0
(4.34 g, 15 mmol, 1.1 eq.) in 50 mL DMF, dabco (3.36 g,
30 mmol, 2.2 eq.) in 50 mL DMF. The clear solution of nickel
salt was added to the linker solution. Afterwards, dabco was
added to the reaction mixture. The resulting cloudy mixture was
then treated in an ultrasonic bath for 50 minutes. The super-
natant was removed by centrifugation, and the crystals were
washed with DMF several times.

4.2.1.4 Desolvation of submicron-sized crystals. DUT-8(Co)
crystals were desolvated directly from DMF by heating in
vacuum at 423 K. Prior to solvent removal, the DMF in the pores
of DUT-8(Ni) was exchanged to DCM during 3 days. The sample
was filtered under argon flow and evacuated for 16 h at RT.

4.2.2 Samples for phonon acoustic spectroscopy

4.2.2.1 Macro-sized  samples. ~ DUT-8(Zn):*®*  typically,
Zn(NO3),-6H,0 (312 mg, 1.05 mmol, 1.7 eq.) was dissolved in
5 mL DMF, 2,6-H,ndc (227 mg, 1.05 mmol, 1.7 eq.) was dis-
solved in 20 mL DMF, and dabco (70 mg, 0.625 mmol, 1 eq.) was
dissolved in 5 mL DMF using ultrasound treatment during
10 min. The three resulting solutions were slowly mixed and
heated in an oven at 353 K for 17 min. After the pre-treatment,
the solution was placed into Pyrex tubes and heated at 393 K for
48 hours. After cooling to room temperature, the crystals were
washed several times with DMF.

DUT-8(Co):** all chemicals were dissolved separately:
Co(NO;),-6H,0 (241 mg, 0.83 mmol, 1.56 eq.) in 5 mL DMF, 2,6-
H,ndc (178.5 mg, 0.83 mmol, 1.56 eq.) in 15 mL DMF and dabco
(60 mg, 0.53 mmol, 1 eq.) in 5 mL DMF using ultrasound
treatment. Subsequently all solutions were combined, the
mixture was transferred into a Teflon vessel (50 mL) and heated
at 393 K in an autoclave for 48 h. After cooling to room
temperature, the sample was washed several times with DMF.

DUT-8(Ni): sample was synthesized and desolvated accord-
ing to procedure reported earlier.*® Afterwards, the desolvated
crystals were subjected to recrystallization step, leading to the
more uniform crystal size distribution (Fig. S5at). For it, 210 mg
of sample was placed into the mixture containing 210 mL DMF
and 90 mL MeOH, and heated at 353 °C in oven during 120 h.
After cooling to room temperature, the sample was washed
several times with DMF.

4.2.2.2 Desolvation of macro-sized crystals. The macro-sized
crystals of DUT-8(Co), DUT-8(Zn), and DUT-8(Ni) were washed
with DCM during 3 days. After solvent exchange, samples were
filtered under argon flow. DUT-8(Co) and DUT-8(Zn) samples
were evacuated at 423 K, DUT-8(Ni) sample was evacuated at 393
K for 16 h.

4.2.3 Sample for Raman spectroscopy. DUT-8(Cu):*®
Cu(NO3),-3H,0 (0.9664 g, 4 mmol, 1 eq.) and dabco (0.4496 g,
4 mmol, 1 eq.) were dissolved under ultrasonication in 20 mL
DMF and 15 mL MeOH, respectively. 2,6-H,ndc (1.7292 g,
8 mmol, 2 eq.) was dissolved in 128 mL DMF. Clear solutions of
the copper salt and linker were mixed and 8.8 mL of 1 M HCI
was added to the mixture dropwise. Subsequently, dabco was
added and the cloudy suspension was distributed between
several Pyrex tubes and placed into a preheated oven. After
10 min at 353 K, the tubes were taken out, and the white
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precipitate formed was removed by centrifugation. The clear
solution was placed again into the oven at 353 K for 48 hours.
The resulting turquoise crystals were washed with DMF at least
3 times.

5 Analytical methods
5.1 Powder X-ray diffraction (PXRD)

PXRD patterns were measured at room temperature on a STOE
STADI P diffractometer using Cu-Kal radiation (A = 1.5406 A)
and a 2D detector (Mythen, Dectris). All measurements were
performed in transmission geometry using a rotating flatbed
sample holder, 26 resolution of 0.015° in a step scanning mode
with 6° steps and exposition time of 120 s per step.

5.2 Phonon acoustic spectroscopy

For pulse-echo speed of sound measurements, the DUT-8(M) (M
= Ni, Co, Zn) powder samples were pressed into blanks by
manual pressing and further densified by isostatic pressing for
45 min at 360 MPa, under the exclusion of air. The obtained
pellets (~1.15 mm thickness, 9.15 mm diameter and a mass of
~100 mg) of 78% to 80% density were then coated with
a 200 nm thick protective layer of Au by thermal evaporation.
Those pellets were analysed using an EPOCH 600 (OLYMPUS) in
nitrogen atmosphere. Therefore, piezoelectric transducers (5
MHz) for longitudinal and transverse signals were acoustically
coupled to the pellet with honey as agent, hence the protective
Au layer. The times between reflected ultrasonic pulses were
monitored and related to speeds of sounds by the measured
pellet thickness. The mean speed of sound (Vpean) Was calcu-
lated from the transverse and longitudinal (Vgans and vigng)
speeds of sound via eqn (3).

3

3 3
Vlong + 2V1rans

(3)

(ymean)3 -

The reported values reflect averages with standard deviations
for uncertainties of three equally prepared and analysed pellets
of every compound. In DUT-8(Zn) only two transverse responses
could be reliably interpreted. The triplicates show reproduc-
ibility and include possible variations in microstructure, which,
due to the limited pellet density, overall leads to a systematic
underestimate of the speed of sound.

5.3 Inelastic neutron scattering

INS measurements were performed at Helmholtz Zentrum
Berlin (BER II) on the neutron time-of-flight (ToF) spectrometer
NEATIP* with an incident neutron wavelength of 3 A. A cylin-
drical sample holder cell made of aluminium and with an inner
cylinder (the outer diameter of the sample was 1.02 cm and the
inner diameter of the sample was 0.555 cm) was used. The mass
of dry samples used for the measurements was in the range of
0.5-0.7 g. The sample preparation was carried out under inert
gas atmosphere in the glove box. Before the measurements, the
samples were evacuated at 50 °C. Measurements with vanadium
and empty sample holders were performed to correct for
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experimental distortions and for the background contribution.
Data reduction, which included normalization with vanadium,
corrections for detector efficiency and subtraction of back-
ground, was performed with MANTID software packages.®

5.4 Raman spectroscopy

Raman spectra of DUT-8(Cu)_op were collected by using a S&I
Monovista CRS + Raman spectrometer with 514 nm DPSS laser
(Hubner photonics) and a Bragg grating for measuring in the
low frequency region. The laser was aligned and then focused
on the sample using an Olympus 20 x objective at a laser power
of =0.1 mW with an exposure time of 100 seconds. Spectra were
calibrated with respect to the Raman spectrum of toluene.

6 Theoretical calculations
6.1 Static density functional theory (DFT)

Periodic density functional theory calculations were performed
with the Vienna Ab initio Simulation Package (VASP).***° The
PBE functional® was chosen, including Grimme's D3 disper-
sion®® with Becke-Johnson damping,® which has proven to yield
accurate vibrational spectra for similar systems.***> A projector-
augmented plane-wave basis set® with a plane-wave cut-off of
600 eV was adopted. A different Monkhorst-Pack k-mesh® was
employed for the op and cp phases of DUT-8. For calculations
on the op phase, the k-mesh was set to 2 x 2 x 4, whereas the k-
mesh was enlarged to 4 x 2 X 4 for structures in the cp phase.
The SCF cycle of the electronic structure calculations was
considered to be converged when the energy difference between
subsequent steps became lower than 107° eV. For the struc-
tures with magnetic Ni, Co, and Cu atoms, simulations were
performed in the ferromagnetic spin state.

Theoretical equilibrium structures of the DUT-8 materials were
obtained after optimization of the geometry. For each structure,
the volume-energy equation of state was first constructed from
several fixed volume optimizations in which both the ions and cell
shape were allowed to relax. These optimizations were stopped
when the energy difference between the two subsequent steps
became lower than 107° eV. The optimal unit cell volume was
determined via a Rose-Vinet fit to the equation of state, and a final
fixed volume optimization was performed at this optimal volume.

The Hessian was calculated at the equilibrium geometry
following a finite difference approach in which the ions are
displaced separately along the three Cartesian directions with
an amplitude of +0.015 A. The normal modes and corre-
sponding frequencies were obtained via a normal mode analysis
using TAMKkin.* IR intensities of these modes were determined
by making use of Born effective charges calculated via density
functional perturbation theory.®”*® The analysis of the normal
modes of the different structures required additional charac-
terization. Firstly, to compare vibrational frequencies of equiv-
alent normal modes between different structures, the dot
product of the orthonormal mass-weighted normal modes was
calculated. Two modes were considered of the same type when
the square of their dot product was larger than 0.25. Secondly,
each mass-weighted normal mode was subdivided in
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contributions due to translations and rotations of the 2,6-ndc
linker, the dabco linker and the paddle wheel unit. For that
purpose, the inertia tensor was constructed for each building
block, and mass-weighted translations and rotations of each
building block were defined along the principal axes of each
building block. The square of the dot product of a translation or
rotation of a building block with the mass-weighted normal
mode of interest defines the magnitude of the contribution of
that type of motion to the normal mode.

6.2 Ab initio molecular dynamics (AIMD)

Ab initio molecular dynamics simulations were performed with the
CP2K software at the same level of theory as the VASP calculations
(PBE-D3(B])) using the Quickstep module.” The Gaussian plane
wave method was adopted, combining atom-centered Gaussian
orbitals with auxiliary plane waves.” The TZVP-MOLOPT basis set
was chosen for the atomic basis set,” making additional use of
GTH pseudopotentials to describe the core electrons.” The cut-off
and relative cut-off of the plane wave basis set were set to 1000 Ry
and 60 Ry, respectively. All simulations were executed at the
gamma point. The SCF cycle of each MD step was considered to be
converged when the energy was lower than 10~°® Ha. For the
structures with magnetic Ni, Co, and Cu atoms, simulations were
performed in the ferromagnetic spin state.

AIMD simulations were run in the NVT ensemble starting
from the statically optimized structure. In the NVT ensemble, the
volume and cell shape remain fixed, but the ions are allowed to
move. Moreover, the temperature of 300 K was controlled using
a Nosé-Hoover chain thermostat with five beads and a time
constant of 100 fs. Each structure was equilibrated for 5 ps fol-
lowed by a production run of 10 ps with a time step of 0.5 fs. The
prediction of the Raman spectrum of a given MD trajectory
requires the calculation of the polarizability tensor at subsequent
time steps. The polarizability tensor can be obtained from the
dipole moment with and without an electric field by a finite
difference approach.”” The Raman spectrum is retrieved from
a trajectory of polarizability tensors by taking the Fourier trans-
form of specific autocorrelation functions.” To ensure that the
spectra were predicted in the complete IR range, dipole moments
were calculated every 2 fs (every 4th MD step). According to the
above procedure, theoretical Raman spectra could be calculated
for DUT-8(Zn), DUT-8(Cu), and DUT-8(Ni). The calculation of
dipole moments in the trajectories of DUT-8(Co) proved to be
problematic because of its high spin state. The calculation of the
dipole moments did not converge for the trajectory in the cp
phase, whereas it did converge for only a small part of the
trajectory in the op phase. Therefore, the Raman spectrum of the
cp phase could not be calculated and the Raman spectrum of the
op phase was taken for a trajectory of only 2.5 ps.

Data availability

All the data containing the input structures and scripts for the
simulations can be accessed via https://github.com/
AlexanderHoffman/supporting-info.
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