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ABSTRACT

Flexible metal-organic frameworks (MOFs), showing a reversible phase change behavior in response to guest adsorption or tempera-
ture, provide unique opportunities for molecular separation or energy storage applications. Hereln, we investigate the complex guest- and
temperature-responsive behavior of a functionalized MOF-5 derivative. The material is characterized by a geometrically rigid network struc-
ture that is decorated with dispersion energy donating hexyloxy substituents. Distinguished by the phenomenon of frustrated flexability, the
functionalized MOF-5 derivative switches between a highly crystalline, cubic structure and a semi-crystalline, aperiodically distorted struc-
ture depending on guest adsorption and temperature. Via a combination of several vartable temperature ghobal and local structure technigues
{x-ray diffraction, x-ray total scattering, and Fourler-transform [R spectroscopy), detailed bnsights Into the complementary disorder-order
transitions of the framework backbone and the dangling hexyloxy substituents are provided. Our results set the stage for the discovery of new
responsive MOFs exhiblting a more complex phase change behavior interfacing periodic and aperiodic structural changes,
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INTRODUCTION MOFs and those featuring extensive disorder. In particu-

ar, for meltable MOFs, their glassy state offers exciting prop-

PARFAOS

28

The imvestigation of functional materials, which change their
physical properties depending on external teiggers, s of ongo-
ing intevest for various fields of materials research. Metal-organic
frameworks (MOFs) are porous coordination polymers constructed
of inorganic building units {eg., metal lons and metal-oxo-cdusters)
joined by organic linkers. ~ A particularly fascinating subclass s
flexible MOFs,” which undergo structural changes as a function of

erties, such as botropy, mechanical robustness, and the absence
of grain boundaries, which are advantageous for lonic con-
ductivity or processability, for example. Moreover, despite
sometimes belng very similar in chemical composition, noa-
crystalline and highly disordered MOFs may exhibit fundamen-
tally different properties from their crystalline counterparts in
the fields of catalysis,

gas separation, of drug release.

T D

external stimuli, such as changes in temperature’ or mechanical Maturally, due to the lack of bng-range order, such mate- | < r—=—- s T N

pressure, | guest uptake, © light irradiation, or electric fields. rials are more difficult to characterize than thelr crystalline e IOBJIU l | l & Py

Their unique properties render these materials interesting for counterparts. In particular, responsive MOFs, switching between L-=d P
[ ~n

applications in the fields of gas storage,'” separations,” chemical
sensing, ~ ' or as shock absorbers.

Drespite being typically associated with perfectly ordered and
crystalline struciures, there is growing interest in non-crystalline

crystalline and non- or semi-crystalline states depending on the
environment or external triggers, are reported only rarely.

The understanding of such a Kind of unusual crystalline-to-non-
crystalline phase change behavior, however, lays the foundation

APL Mater. 11, 021118 (2023); dok 10. 106350144718
£ Aurthan(s) 2023

11, 1181

of a metal-organic framework with frustrated
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FiG. 2. PXRD patterns of MOF-5-C6 in itz DMF-solvaled ss-synthesized (ag),
guest-fress (dry), and r-octane-solvated (oo phases in comparison with the FXRD

memcHnire o nanot fenn WME_E Picfin ors Saloee frooe Bad 0o
il oifron RS D v =L

temperature (driving force: entropyl. The latter transformation (s
characterized by a sirong increase in Bragg scattering intensity fror
the material with increasing temperature along with a marked sharp -
entng of the scattering peaks and shifting of the peaks to lower
angles. We postubated that this behavior arises from thermal vibr -
tions of the alkexy skdechains, which entropically cutbalance the
enthalpic stabilization of the contracted aperiodic semi-crystalline
state at elevated temperatures. Thus, an increase in temperatuse
leads to incressed order of the framework backbone compensate 4
by increased disorder of the DEDs. However, experimental evidence
fior this hypothesls §s lcking so far.

Inn this work, we investigate the structural behavior of MOE-
5-06 in detail by, first, revisiting the crystalline structure of the

APL Materials ARTICLE scitation.orgfournaliapm

ing %o the x-ray difracion dats used for e generation of the redprocal spece
maps were gkeady publizhed in Ref. 22

as-synthesized crystals of as-MOF-5-C6 are transparent cuble crys-
tals with skzes up to 500 = 500 = SO0 pm . Following the removal of
the DMF guests by evacuation at elevated temperatures, the crystals
obtain a large number of cracks and turn opagque (dre-MOF-5-C6).
After re-infiltration of n-octane, the crystals again turn transparent
{oct-MOF-5-C6), even though some of the cracks remain. Recon-
structed reclprocal space sections of the (hk0) plane calculated from
the raw data of previously published single-crystal x-ray diffraction
data of as-, dry-, and ect-MOF-5-C6" nicely illustrate the struc-
tural changes as well [Fi |. as-MOF-5-Cé crystallizes in the
cublc space group Pra3m (a = 12.9040(12) A, V = 2148.7(6) A®,
and V/Z = 2148.7(6) A”; Z = the number of formula units per unit
cell} and features the typical cuble diffraction pattern of MOF-5-type
materials with strong Bragg peaks. Interestingly, the reciprocal space
map of dry-MOF-5-C6 shows weak Bragg features of the formerly
cublc diffraction pattern of as-MOF-5-Ca, but also extensive diffuse
scattering signatures orkginating from the aperiodic structural dis-

Aappd-e P Ewidind o de bl ding us.y PR A

LR B AR PO SER0L 0L

_ x3 MOF-5-C6 &
3
@
SULL L . oct- |
Fny
2
E i dry- r \C A il
| 1
8 |||« o U OBJr
£ | as- 'OB. TS )
5 [ :_OBJ'
< Fid. 3. [8) Microscopy images of e crystels and (b)) excerpis of reconstucied T
i - reciprocal f e (ki fromi single-crysiel x-ray diffracion dats
|| smuleted MOFS | | s pme o e
LI A - — , - The scale bar in panel (8) applies o Al images. The crystal sinuchwes comespond-

n-octane-filled oct-MOF-3-C6 phase and providing new insigh's 144005 thus highlighting the disordered semi-crystalline nature of =
into the aperiodically distorted structure of the semi-crystalline the guest-free MOF. =
dry-MOFE-C5 phage. Second, we invectigate the mechaniem of the Following inclusion of the m-octane guest molecules {oct- z
unprecedented disorder-order transition of the guest-free dr- MOF-5-C6), the erystals recover high crystallinity but adopt a o
H?ll:-ff-ﬂ ’_1 Fumtml:;:fftemperature hi’:;’“gﬁ:;"g P*m:d“j?' different cubic structure compared o a5-MOF-5-C8, evidenced by
poblisied fn siv yachhle temperstuse (V) Podata. Add- G gditional superstructure reflections | ]. The structure of
tonal VT x-ray total scattering experiments and the corresponding — ,.p \MOF-5-C6 is described in the primitive cubic space group Pa3
x-ray pair distribution functions (XPDFs) together with VT Fourie: - with & = 25.7145(8) A [Fis JV o= 170033012 AY, and VIZ
transform (FTJIR spectroscopy data shed light on the microscopic _ 2125.4(2) A, 98.5% of V/Z of as-MOF-5-C6] and, thus, slightly \ \ ~
mechanisms underlying the extraordinary phase change behavior of contracted compared to the original DME-containing MOF. In con- ey ¢
thix responxive framewnrk materisl irast to the DMF-containing MOF, the Co-alkyl sidechains could G w
be resolved in the electron density map of ocf-MOF-3-Ch, reveal- L
RESULTS AND DISCUSSION ing their arrangement on the faces of the pseudo-cubic cavities. The
: . 3
Guest-responsive structural behavior interior of each MOF cavity features a volume of about 580 A
“ {amounting to 27% of the crystal volume) that is filled with disor-
The guest-responsive structural transformations of MOF-5-Ca dered r-octane molecules [Flg (5] By taking the central 07 lons
L Apo ¥ B
are traceable on the single-crystal level [Fi 11]- The DME-filled of the ZnyO(C0O)s onits as sbhe-conmecting vertices, the structure
( ‘ \J ‘
APL Mater. 11, 041118 (2023); dok 10.10635.0144T18 M, 041118-3 G O p l
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AQQiional FAKD patterns ana refinement data, x-ray total
scattering functions, complete VT-FTIR spectra, and further infor-
mation regarding the simulated IR spectra are given in the

1Py . ‘ file.
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