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A new member of the fluoride-substituted galium MIL-53 metal-organic framework [Ga(OH);_,F,(bdc)]
(bdc®™ = 1,4-benzenedicarboxylate) solid-solution series, [Ga(OH)ogoFo20(bdc)] (1), is reported that extends the
series to [GalOH);_4F«bdd)] (x < 0.20). The framework fluoride content is 33% greater than the previously
reported highest framework fluoride-containing gallium MIL-53 [Ga(OH)ggsFo1slbdc)] and is achieved using a
novel HF-free route. The effects of the additional p,-F~ bridging anions in the framework on the breathing
behaviour of 1 are profound compared to those previously reported for [Ga(OH)(bdc)] and [Ga(OH)g gsFo15(bdc)l.
Large pore-1 (p-1) does not transform to narrow pore-1 (np-1) over the entire 500-100-500 K temperature
range investigated and np-1 undergoes transformation to [p-1 on heating from 400 K to 500 K at a suitably fast

Received 11th July 2025, heating rate. Both results indicate the greater stability of |p-1 relative to np-1. The combined use of heating and

Accepted 8th October 2025 guest water desorption/adsorption is sufficient to allow 1 to exhibit a full breathing cycle. Overall, this work
DOI: 10.1039/d5ma00742a demonstrates the ability to tune the breathing properties of a MIL-53 MOF through the method of fluoride
incorporation into the p,-bridging anion framework site and should be a methodology applicable to engineer

rsc.li/materials-advances the breathing and other behaviours of many MOFs in a controlled manner.
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1. Introduction

Metal-organic frameworks (MOFs) form an expansive family of
nanoporous materials with numerous interesting properties and
are being commercially applied for storage and separation
processes."” Within the family of MOFs, a small subset display
significant framework flexibility in response to stimuli including,
temperature, pressure, and host-guest interactions.>* The flexible
nature of these frameworks leads to potential applications that differ
from the more commonly observed rigid frameworks, such as
selective flexible absorbents,” and as substrates for the controlled
delivery of drugs where guest-specific pore dimensions results in
slow release of drug molecules.®

The quintessential group of flexible MOFs is the MIL-53
family, which is a series of isostructural frameworks with the
general formula: [MX(bdc)] where M = AI’*"® sc**° v3*' 10
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crt ! Fe* ) Ga¥t P or In*,”® X = (OH)” or F and
bdc®>” = 1,4-benzenedicarboxylate. These frameworks are
formed from MO,X, octahedra which extend through p,-X
bridging anions to form 1-dimensional inorganic chains of
trans-corner sharing MO,X, octahedra, as shown in Fig. 1a.
These chains are interconnected by bdc>~ linkers to form the
3-dimensional framework that contain 1-dimensional pores
extending along the direction of the inorganic chain as shown
in Fig. 1b. MIL-53 can exhibit frameworks with different unit
cell or void volumes, often referred to as large pore (lp),
intermediate pore (int) and narrow pore (np) structures with
associated reduction in unit cell and void volume respectively.®
Transition between some or all of these possible structures, as
exemplified in Fig. 1b, is induced by different stimuli.>* The
thermoresponsive flexing or ‘“breathing” behaviour of MIL-53
frameworks can be modified by changing the M cation,'®
incorporation of a mixture of different M cations,"” modifica-
tion of the bdc®>  linker,’® incorporation of a mixture of
different bdc?> -based linkers,'® or a mixture of these strate-
gies.?® Minimal attention, however, has been paid to the impact
of modifying the p,-X bridging anion in the inorganic chain of
these frameworks. Increasing the fluoride content in the inor-
ganic component of other MOFs is found to impart desirable
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Fig.1 The constituent 1-dimensional inorganic chains of trans-corner
sharing MO4X, octahedra of [MX(bdc)] MIL-53 MOFs (a), and the lp (left)
and np (right) forms of the flexible MIL-53 framework (b). Structures are
represented in polyhedral and ball-and-stick modes. Atom key: M3* =
green, pp-X = pink, O = red, C = black, H = light pink.

properties such as improved water stability”’ and to increase
selectivity in gas adsorption processes, for example that of CO, over
other gases.”” Incorporation of fluoride into the p,X site of the
inorganic chain of MIL-53 has been shown to modify the flexibility of
the framework. Completely replacing p,-(OH)~ for p,F~ converts
[AIX(bdc)] from a MOF that can flex under the action of various
stimuli to an essentially inflexible framework with a Ip structure.®**
A marked difference is also observed in the uptake of alcohols by
[Fe(OH)(bdc)]-H,O compared to [Fe(OH), sFy»(bdc)]-H,O. The latter
transitions through an intermediate phase during alcoholic solvent
exchange that is not observed in the absence of p,-F~.** More
recently, variable temperature single crystal studies of [Ga(OH)
(bdc)] and [Ga(OH), gsFo15(bdc)] (Ga:F ratio derived directly from
reported Ga and F elemental analysis data)”> has shown that a
partial substitution of p,-(OH)™ for p,-F~ can result in the Ip form
being favoured over a greater range of temperatures, and a low
temperature np to lp expansion accompanied by the adsorption of
N,(g) within the pores.”® The latter examples demonstrate that small
W-F~ fractions of the total p,-X sites in MIL-53 frameworks can
significantly influence the breathing behaviour suggesting that
isomorphous substitution of the j1,-X sites in the [MX(bdc)] frame-
work may be a route to tune the framework flexing behaviour in
response to different stimuli in a designed manner.

Herein, a new member of the gallium MIL-53 family,
[Ga(OH) goFo.20(bdc)](1), with increased fluorination at the j1,-X site
is reported that exhibits an incremental change in breathing beha-
viour compared to [Ga(OH)(bdc)] and [Ga(OH),g5Fo.15(bdc)], with a
loss of thermoresponsive breathing whilst maintaining guest-
induced breathing. This exemplifies the ability to tune the breathing
behaviour of this MOF by controlling the nature of the p,X site
solely.

2. Experimental methods
2.1. Synthesis

2.1.1. 1-0.7DEF-0.08HF. All chemical reagents were used as
received without further purification. GaF; (127 mg, 1 mmol,
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Alfa Asear, anhydrous, 99.85%, metals basis), terephthalic acid
(Hybdc, 0.996 g, 6 mmol, Sigma-Aldrich, 98%) and 10 mL N,N-
diethylformamide (DEF, TCI Chemicals) were combined in a 23
mL Teflon lined autoclave and heated in an oven at 220 °C for 4
days. Once the reaction was complete, the autoclave was
allowed to cool to room temperature and the crystalline product
collected by filtration and washed with 20 mL N,N-dimethyl
formamide (DMF, Fisher BioReagents) and allowed to dry in
air. A typical yield for the reaction was ~20% relative to Ga.
2.1.2. 1-H,0. 0.1-0.2 g of 1-0.7DEF-0.08HF was activated in
a tube furnace at 573 K for 5 h under a gentle flow of dry N,(g)
before exposure to atmospheric air. Heating and cooling ramp
rates of 1 K min~* were applied in the activation process.

2.2. Characterisation

2.2.1. Single crystal X-ray diffraction (SCXRD). Single crys-
tal data were collected using a Rigaku FR-X dual source
diffractometer with Cu K, (4 = 1.541 A) incident radiation,
equipped with mirror monochromators. Suitable crystals were
selected and mounted on MiTiGen polymer loops without the
use of an adhesive agent. The temperature was controlled using
a Cryostream 800 Plus applying a heating and cooling rate of
360 K h™' and keeping the crystal under a constant stream of
N,(g). Data were collected and reduced using Rigaku Crystal-
isPro software (v49.42) and adsorption corrections performed
using empirical methods based on symmetry equivalent reflec-
tions at different azimuthal angles implemented by SCALE3
ABSPACK. Using Olex2,%” the structures were solved using
either SHELXS,*® or SHELXT.?® SHELXL*® was used for struc-
tural refinement implementing a least-squares minimisation
routine. Structure solution and refinement were carried out
against all F* values. In the case that a non-mereohedrally
twinned crystal was selected, the twin law was determined by
inspection of Ewald sphere projections, and the structure
initially solved against reflections from a single component,
followed by refinement against reflections from both compo-
nents. All non-hydrogen atoms were refined anisotropically
when possible. Hydrogen atoms were placed in calculated
positions using idealised geometries and were assigned fixed
occupancies and isotropic displacement parameters. Both
O(H)” and F atoms were placed on the p,-X site with the
occupancy of both atoms fixed to the values determined from
elemental analysis and their atomic displacement parameters
were set to be equivalent. Various atomic displacement and
geometric parameter restraints were applied as necessary to
produce the final crystal structures as detailed within the
crystallographic information files (CCDC 2468139-2468142).
In the case that guest molecules within the pores were observed
to be highly disordered, their contribution to the crystal struc-
ture was accounted for by applying a solvent mask using the
SQUEEZE routine using a probe radius of 1.2 A.**

2.2.2. Powder X-ray diffraction (PXRD). Initial PXRD data
were collected over 3-50° 20, with a step size of 0.02°, using a
Phillips X’pert Pro diffractometer equipped with a sealed tube
X-ray source and an X’Celerator multi-strip detector, operated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in Bragg Brentano geometry with 1 divergence slits using
Cu K, radiation (4 = 1.541 A).

Due to low yields, in situ variable temperature PXRD under
dry N,(g) was completed using the diffractometer and heater
described for the SCXRD experiments. In these experiments the
powder was packed into 0.3 mm or 0.5 mm diameter glass
capillaries. The capillary was then glued upright into a stub and
cut to a suitable size, leaving the top of the capillary open. The
capillary and stub were then placed on the goniometer and
centred in the beam.

Room and 500 K temperature PXRD patterns monitoring the
breathing behaviour of 1 on the removal and re-adsorption of
water were collected using seven 300° ¢ scans of 300 s each over
a 20 range of 3-70° with a detector distance of 150 mm, and the
beam divergence aperture set to 1.0 milli-radian. Data were
converted to standard PXRD formats using the inbuilt powder
diffraction extraction tool in CrysAlisPro (Rigaku v42.49). Paw-
ley fits were performed using Topas Academic V6 software.*>
The background was accounted for using either a linear inter-
polate or a Chebenyov function, depending on the suitability.
Peak shapes were modelled with a modified Thompson-
Cox-Hastings pseudo-Voigt model (TCHZ) including axial
broadening. All unit cell parameters and sample height dis-
placement were freely refined.

2.2.3. Solid-state NMR spectroscopy. Magic angle spinning
(MAS) NMR spectra were collected on Bruker 9.4 T and 16.4 T
(400 and 700 MHz "H Larmor frequencies) Avance III and NEO
spectrometers with 4 mm HFX and 1.3 mm HX MAS probes,
respectively. "°F and {'"H-}"*C cross-polarisation (CP)MAS NMR
spectra were collected at a MAS frequency of 12 kHz or 50 kHz
under ambient conditions. Int-1-0.7DEF-0.08HF and int-1-H,O
were loaded into 4 mm o.d. or 1.3 mm o.d. zirconia rotors
under air. The rotor containing int-1-H,O was activated to 1 by
heating at 423 K in a vacuum oven overnight or 573 K in an
oven before sealing the hot sample in the rotor with a Kel-F cap
(4 mm) or Vespel base and drive caps (1.3 mm). '°F and
3C chemical shifts were referenced to CFCl; and TMS, respec-
tively, using external references (PTFE tape 8{"°F} = —122.0 ppm
and a-glycine 8{"*C¢o} = 176.03 ppm).

2.2.4. Additional characterization. ATR FTIR spectra were
collected on a Bruker Alpha Platinum ATR instrument over the
wavenumber range of 4000-600 cm™ ' with a resolution of
4 cm™'. Thermogravimetric curves were measured using a
Mettler-Toledo TGA/DSC instrument. CHN content was mea-
sured in house using a Thermo FlashSmart CHN instrument.
Metal and fluorine contents were measured by Medac Ltd (UK)
using Schoniger flask oxygen combustion followed by ion
chromatography.

3. Results and discussion
3.1. Int-1-0.7DEF-0.08HF

Int-1.0.7DEF-0.08HF (a = 6.6882(8) A% b = 11.009(3) A,
¢ = 18.045(2) A%, B = 92.75(1)°, V = 1327.1(4) A®) crystallises in
the monoclinic I2/a space group (see SI, Table S1) with an unit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cell volume between the np- and Ip-unit cell extremes and the
expected MIL-53 framework topology as shown in Fig. 2. Int-1-
0.7DEF-0.08HF was produced as a phase pure compound as
indicated by the excellent Pawley fit, using these crystal data
compared to the observed PXRD data as shown in Fig. S1. It was
not possible to determine the location of the guest molecules
within the void volume of int-1.0.7DEF-0.08HF due to their
significant disorder. Application of a solvent mask to account
for the significant electron density observed within the void
volume suggested the presence of 110 electrons per unit cell
which are in the centre of the pores as shown in the residual
electron density contour map shown in Fig. S2.

The 'F MAS NMR spectrum of int-1-0.7DEF-0.08HF is
shown in Fig. 3a. The peak observed at 8{'°F} = —137 ppm
corresponds well to that expected for p,-F~ anions in this type
of environment.*® This peak has a clear shoulder upfield (more
negative) at 8{'°F} = —140 ppm; variations in the interactions
between p,-F~ anions and the guest molecules within the pores
may lead to the observation of more than one F environment.
Previous reports suggest that uneven distributions of guest
molecules within the pores and distortions in the structure
caused by host-guest interactions can result in the broadening
of isotropic peaks.** There is an additional sharp peak observed
at 8{"°F} = —127 ppm, which, due to the intensity and narrow-
ness of the peak, is attributed to free fluoride ions or HF within
the pores. The elemental analysis, given in Table S2, indicates
that there is a Ga:F ratio of 1:0.28 in int-1-0.7DEF-0.08HF of
which 0.08F is present as guest species within the pores and
0.20 is present in the framework (vide infra). The former is
chemically accounted for as HF to allow charge balance in the
compound.

The ATR FTIR spectrum of int-1-0.7DEF-0.08HF shown in
Fig. S3a indicates that there are DEF molecules within the
void volume due to the presence of the carbonyl stretch at
1668 cm ', The presence of DEF within the pores is further
confirmed by the {"H-}'*C cross-polarisation MAS NMR spectrum
shown in Fig. S4a where characteristic peaks corresponding to
DEF are observed at 3{**C} = 162, 34 and 29 ppm.

Fig. 2 The framework of int-1.0.7DEF-0.08HF viewed along the pore
direction. The p,-X bridging site is shown with the proportions of (OH)™

and F~ determined from elemental analysis. Atom key: Ga = green,
O =red, F = yellow, C = black, H = pink.
Mater. Adv., 2025, 6, 8497-8505 | 8499
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Fig. 3 °F MAS NMR spectra of (a) int-1-0.7DEF-0.08HF, (b) int-1-H,0, (c)
lp-1/np-1 and (d) np-1. (a)-(c) were recorded at 16.4 T using a MAS
frequency of 50 kHz whereas (d) was recorded at 9.4 T using a MAS
frequency of 6 kHz to facilitate fitting of the anisotropy (911/02,/033 = —127/
—144/-191 ppm). Spinning sidebands are marked with *.

These results suggest the presence of DEF and reaction by-
product HF are present in the void volume of 1. The TGA trace
shown in Fig. S5a shows a steady mass loss of approximately
23% between 303 and 630 K. A second mass loss of 33% is
observed to start at approximately 713 K which is attributed to
the loss of bdc linkers and the decomposition of the frame-
work. The 23% mass loss corresponds to a chemical formula
1-0.7DEF-0.08HF assuming it is attributable to HF and DEF
only. The presence of the DEF and HF species in the void
volume of 1 differs from that reported in the as-synthesised
MIL-53 compound [AlF(bdc)]-0.09[H,N(CHj;),F]-0.09HF where
HF and dimethylammonium fluoride were found within the
void volume.® [AlF(bdc)]-0.09[H,N(CH;),F]-0.09HF was synthe-
sized under similar conditions to int-1-0.7DEF-0.08HF except
DMEF was used as the synthesis solvent. The difference in pore
guest species may reflect the difference in stability of DEF and
DMF under the reaction conditions used.

3.1.1. Int-1-H,0. Int-1-H,0 (a = 6.6570(15) A, b = 7.436(2) A
¢ =19.182(4) A, B = 96.15(2)°, V = 944.1(4) A®) crystallises in the
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monoclinic I2/a space group (see Table S3) with an unit cell
volume between the np- and Ip-unit cell extremes and the
structure shown in Fig. 4a. Int-1-H,O was produced as a phase
pure compound as indicated by the Pawley fit to the observed
PXRD data obtained using this unit cell shown in Fig. S6. One
crystallographically distinct H,O molecule is found within the
pores that is disordered over two possible positions as shown in
Fig. 4b and separated by possible O- --O distances of 2.50(4) A
and 3.35(4) A along the channel. The H,O molecules hydrogen
bond to the p,-bridging (OH)™ with a O(p,-(OH)™)- - -O(H,0)
distance of 2.76(3) A. The crystal structure of int-1-H,O is
reminiscent of the int{Ga(OH),oF, 1(bdc)]-H,O structure (Cc,
a=19.66 A, b = 7.64 A, c = 6.67 A, f = 103.88°, V = 973.4 A%)
reported by Boutin et al,'* but differs significantly when
compared to the crystal structures of isostructural int-[Ga(OH)
(bdc)]H,O and int-[Ga(OH), g5Fo.15(bdc)] H,O (P24/c, a =
6.6662(3) A, b = 14.7953(10) A, ¢ = 19.2119(8) A, = 96.366(4)°,
V = 1883.16(17) A®).*® The quality of the diffraction data
collected for int-1-H,O was insufficient to solve and refine the
crystal structure in the lower symmetry, larger unit cell of int-
[Ga(OH)(bdc)]-H,O and int{Ga(OH)g g5 Fo.15(bdc)]-H,O.

The "F MAS NMR spectrum of int-1-H,O is shown in Fig. 3b
and has a peak at 3{'°F} = —143 ppm with a shoulder at 3{'°F} =
—146 ppm (3:2). These can be assigned to the expected single
crystallographic fluoride environment found in the framework
interacting with two different H,O sites or it may indicate that
the structure of int-1-H,O has an isostructural crystal structure

Fig. 4 (a) Int-1-H,O viewed along the pore direction showing the location
of water molecules within the pores. (b) Int-1.H,O viewed perpendicular to
the inorganic chain of 1 showing the possible hydrogen-bonding interac-
tions between the H,O molecules and the framework O or H atoms. Only
one H,O molecule is found in either of the two possible H,O molecule
positions at each p,-X bridging anion site. Atom key: Ga = green, O = red,
F = yellow, C = black, H = pink.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to int-[Ga(OH)(bdc)]-H,O and int-[Ga(OH), g5F.15(bdc)]-H,O
where there are two closely related crystallographic fluoride
environments that interact with different H,O molecules.?® For
the latter, this would suggest preferential occupancy of the two
different crystallographic environments by fluorine.

The ATR FTIR spectrum of int-1.-H,O shown in Fig. S3b
confirms the presence of water as evidenced by the observation
of peaks at 3313 cm ™' and 1620 cm ™" corresponding to v3(H,0)
and v,(H,0) modes. The v;(H,0) mode expected at 3525 cm ™"
is masked."® Additional peaks that were previously obscured for
int-1-0.7DEF-0.08HF are observed at 3601, 1125 and 965 cm™*
and attributed to v(OH), and two 3(OH) bands respectively
indicating the presence of p,-(OH)~ groups.'® The position of
the v(OH) band indicates that the p,-(OH)™ group is hydrogen
bonded to water molecules within the pores. The spectrum of
int-1-H,0 shown in Fig. S3b also confirms the absence of DEF
from the void volume as indicated by the loss of the character-
istic DEF C=O0 stretch at 1668 cm ' (Fig. S3a and c). The
{"H-}"*C cross-polarisation MAS NMR spectrum of int-1-H,0
(shown in Fig. S4b) supports the absence of DEF and the shifted
peaks of the framework C atoms (3{"*C} = 175, 136, and
130 ppm) suggest a different structure and guest-binding
interactions compared to int-1-0.7DEF-0.08HF.

The TGA trace of int-1-H,O shown in Fig. S5b gives a mass
loss of 5.0% (calculated 6.6%) between 303-369 K. The absence
of other mass losses before sample decomposition at 703 K
indicates that all other guest molecules have been removed.
The elemental analyses given in Table S4 indicates that there is
a Ga:F ratio of 1:0.20 in int-1.-H,O and provides good agree-
ment with the full chemical formula of int-1-H,O. The
reduction in fluorine content in int-1-H,O compared to int-1-
0.7DEF-0.08HF supports the presence of fluorine in the pores
of the framework that is removed upon activation. There is no
evidence of the associated '°F resonance of free F~ or HF in int-
1-H,O (Fig. 3b).

3.1.2. Thermoresponsive and water induced breathing
behavior. A single crystal of int-1-H,0 was selected and SCXRD
data were collected at 100 K to reconfirm the crystal structure of
int-1-H,0 and the presence of water within the pores. The
crystal was then heated in 100 K steps to 500 K with the crystal
structure or unit cell parameters determined at each tempera-
ture. The framework of int-1-H,O remained hydrated at 200 K,
but at 300 K it was not possible to determine the crystal
structure due to a decrease in crystallinity and significant
movement of the crystal during collection which continued
despite multiple attempts to re-centre the crystal and restart the
data collection. The unit cell of the crystal structure at 300 K
had a slightly reduced unit cell volume (I2/a, a = 6.723(4) A,
b = 7.116(10) A, ¢ = 19.358(12) A, f = 95.58(6)°, V = 922(2) A®)
compared to that at 100 K (full details are given in Table S5). By
400 K, an increase in the crystal quality enabled the crystal
structure to be determined which showed that it had trans-
formed to the np-form, np-1, with a further reduction of
the unit cell volume (I2/a, a = 6.677(4) A, b = 6.955(12) A,
¢ =19.368(11) A, B = 95.83(6)°, V = 895(2) A®) and the loss of
H,O from the pores as seen in Fig. 5a and Tables S5, S6. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) np-1at 400 K viewed along the pore direction. (b) lp-1 at 500 K
viewed along the pore direction. Atom key: Ga = green, O = red,
F = yellow, C = black, H = pink.

structure of np-1 closely matches the previously reported crystal
structures of np-[Ga(OH)(bdc)] and np-[Ga(OH), gsF,.15(bdc)].>®
The '°F MAS NMR spectrum of np-1 generated by activating int-
1-H,0 under vacuum at 423 K for 16 h is shown in Fig. 3d. A
single isotropic peak at 3{*°F} = —153 ppm is present, matching
the single crystallographic fluoride environment in the frame-
work and verifying that interactions with guest molecules
within the pores was the likely cause for the asymmetric peaks
in the "F MAS NMR spectra of int-1-0.7DEF-0.08HF and
potentially int-1-H,O (Fig. 3a and b).

A phase change from np-1 to lp-1 was observed on heating
further to 500 K with an accompanying increase in the unit cell
volume of 63%, and a change of the crystal system from mono-
clinic to orthorhombic (Imma, a = 16.529(2) A, b = 6.6846(11) A,
¢ = 13.175(3) A, V = 1455.6(5) A%). The crystal structure of Ip-1 is
shown in Fig. 5b, with associated crystal data provided in Tables S5
and S7. Application of a solvent mask to the structure determined
at 500 K indicated that there was no residual electron density
remaining in the pores, confirming that the framework had been
completely activated. The opening of the framework to Ip-1 is
accompanied by an increase in the overall intensity (I/c >10)
and sharpness of the observed diffraction peaks indicating that
the np-lp phase transition results in improved crystallinity.

The °F MAS NMR spectrum of int-1.H,O heated in air at
573 K for 16 h is shown in Fig. 3c. It has two peaks, one aligning

Mater. Adv,, 2025, 6, 8497-8505 | 8501
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with np-1 (8{*°F} = —153 ppm) and the other aligning with the
framework F of int-1-0.7DEF-0.08HF (3{*°F} = —137 ppm). This
latter peak is thus attributable to the single crystallographic
fluoride environment expected in Ip-1. There appears to be a
trend for the '°F MAS NMR spectra that the chemical shift
decreases as the shortest pore dimension decreases, noting that
the "F chemical shift of the p,-F~ anions is also very sensitive
to its binding with guest molecules in the pores. This trend is
opposite for the *C NMR chemical shifts of the aromatic-CH of
the organic linkers in guest-free 1 (see Fig. S4) and is caused by
the rotation of the linker that increases as the shortest pore
direction decreases. The "*C NMR chemical shifts of the
carboxyl and ipso C do not move except for int-1.0.7DEF-
0.08HF and this indicates that the carboxylate is involved in
DEF-binding, as inferred in the residual electron density map
(Fig. S2). This highlights the sensitivity of NMR spectroscopy to
changes in environment experienced by the MOF during flexing
and guest adsorption.

The single crystal was then cooled and heated in 50 K steps
in the range 500-100-500 K and crystal structures were
obtained at each temperature. The Ip-1 phase is maintained
throughout the heating and cooling cycle and no further phase
transitions were observed as indicated in Fig. 6. The unit cell
volumes of Ip-1 varied over a small 1430-1463 A® range over
these temperatures. A significant amount of disordered elec-
tron density is observed in the pore at 100 K which is attributed
to the sorption of ~4N, per Ga forming Ip-1- ~4N,. A similar
amount of adsorbed N, was found in lp-[Ga(OH), s5F.15(bdc)]-
~4N, at 100 K suggesting similar behaviour and void volumes
for both compounds.*® Similar calculations on all the struc-
tures from 500-100-500 K indicated a steady increase in
adsorbed N, from 500 K to 200 K followed by a rapid increase
to 100 K. The void electron density content is given in Table S8
and shown in Fig. S7. The single crystal was finally cooled to
300 K and allowed to sit in ambient air for 5 h. The crystal

1400 } 15 16 17 18 19 20 21

=
w
1=}
S

-
N
1=}
1=}

1100 -

int-1:H,0
= 1000 =

Unit Cell Volume (A3)

2

900 4

np-1

800

100 150 200 250 300 350 400 450 500
Temperature (K)

Fig. 6 Summary of the thermoresponsive behaviour of 1.H,O displayed
as a plot of unit cell volume versus temperature. The order in which the
crystal was heated and cooled is given by the number associated with each
data point. The first heating range, the cooling range and the second
heating range are represented by the red, blue and orange lines inter-
polating the data points respectively. The estimated standard deviations for
the unit cell volumes lie in the range 0.4-1.5 A3,

8502 | Mater. Adv, 2025, 6, 8497-8505

View Article Online

Materials Advances

remained as Ip-1 with no H,O entering the void volume of the
framework.

To investigate if room temperature adsorption of H,O would
transform 1p-1 to int-1-H,0 a powdered sample of int-1-H,O
was activated in situ, by heating to 500 K under a constant
stream of N,(g), to form lp-1 with a very small proportion of np-
1 also present (see Fig. S8). The sample was then cooled to
room temperature followed by exposure to air for 17 h at room
temperature that caused the sample to convert to int-1.-H,O as
shown in Fig. 7. The sample displayed the same behaviour
during a second cycle of this treatment confirming that rever-
sible breathing behaviour is possible for this material when
triggered by the adsorption/desorption of guest H,O molecules
so proving that reversible flexing is possible for 1.

The thermoresponsive behaviour of a second single crystal
of int-1-H,O was studied to try to determine the np-Ip transition
temperature more accurately. The crystal structure of int-1-H,0
at 289 K under air was initially determined confirming the
hydration of the crystal. The crystal was then placed under dry
N,(g) at 300 K and structure determination confirmed it dehy-
drated to np-1 within 30 min (see Table S9). The crystal was
heated directly to 400 K followed by heating to 500 K in 25 K
steps with the crystal structure determined at each tempera-
ture. The np-1 structure was retained over the whole tempera-
ture range and lp-1 was not formed.

3.1.3. Comparison of the thermoresponsive and water induced
breathing behaviour of 1 and other [Ga(OH), _,F,(bdc)] compounds.
The results show that the thermoresponsive behaviour of 1 is
significantly different to that of previously reported [Ga(OH)(bdc)]
and [Ga(OH),g5Fo 15(bdc)® as summarised in Table 1, with 1 not
transforming from the lpform to the np-form over the entire
500-100-500 K temperature range studied, whilst lp{Ga(OH)(bdc)]
and Ip{Ga(OH),gsFo15(bdc)] converted to the np-forms by the
progressively lower temperatures of 300 K and 225-250 K

Intensity (a.u.)
F
F =N

T T T T T T T T

5 10 15 20 25 slo 3I5 40 45 50 55 60
26 (°)

Fig. 7 PXRD patterns of int-1.H,O (1) (Pawley fit shown in Fig. S6)

transforming to lp-1 (2) (Pawley fit shown in Fig. S8) on heating to

500 K, followed by reformation of int-1-H,O (3) upon exposure to air for

17 h at room temperature, followed by retransformation to lp-1 (4) on

heating to 500 K again.
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Table 1 Comparison of framework flexing properties of members of the [Ga(OH);_,F,(bdc)] solid-solution series

Framework flexing stimulus x =0.00 x=0.15 x=0.20

Thermally induced Ip- to np-transformation Yes at 300 K*© Yes between 250-225 K*° No

upon cooling from 500 K to 100 K

Thermally induced np- to Ip-transformation upon rapid heating No** No*® Yes between 400-500 K
Guest, H,0, induced Ip- to int-transformation Yes?633 Yes?® Yes

respectively. The difference in breathing behaviour can
be attributed to the increased amount of fluoride in the
Ho-bridging anion site in the inorganic chain of 1 compared
to [Ga(OH),_,F,(bdc)] (x < 0.15).>°

This behaviour is directly related to the greater destabilisa-
tion of np-1 relative to lp-1 than that seen in [Ga(OH); _,F,(bdc)]
(x < 0.15) effectively reducing the energy required for a np- to
Ip-conversion. Consequently, the Ip-form is observed over a
greater temperature range. The destabilisation of np-1 relative
to Ip-1 derives from the additional strain produced through
distortion of the chains of gallium-centred octahedra that
contain more GaO4(OH)F or GaO,F, octahedra and any subtle
accompanying change in dispersive forces involving the organic
linkers on transforming from the lp- to the np-form. The
additional strain due to such distortions will stem from the
electronic differences of the F~ and (OH)  ions and any
subsequent effects they may have on framework bonding. The
absence of thermoresponsive flexibility observed in 1 compared
to [Ga(OH)(bdc)] and [Ga(OH) g5F.15(bdc)] suggests that there
is a non-linear relationship between the fluoride content of
these compounds and the lp- to np-transition temperature for
the contracting breathing behaviour with only a relatively small
increase in the overall fluoride content removing the pore
contracting breathing response of the [GaX(bdc)] framework.

The additional fluoride content in 1 compared to [Ga(OH);_,
F,(bdc)] (x < 0.15) also produces observed differences in the single
crystal thermoresponsive expanding breathing behaviour for the
np- to lp-transition with np-1 transforming to Ip-1 on heating from
400 K to 500 K at a relative fast heating rate but not at a slower
heating rate. [Ga(OH)(bdc)] and [Ga(OH), gsF, 15(bdc)] do not trans-
form from the np- to the Ip-form at a slow or flash heating rate,
again indicating the additional destabilisation of the np-form
relative to the Ip-form of 1 compared to the other [Ga(OH),
F,(bdc)] (x < 0.15) compounds. The influence of the heating rate
on the ability of single crystals of the Ga-MIL-53 family to undergo
thermoresponsive expansion breathing behaviour has previously
been observed and reported by Lutton-Gething et al.>® Only flash-
heating from slightly large unit cell volume int{Ga(OH), ,F,(bdc)]-
H,O (x < 0.15) phases resulted in rapid expansion to the Ip-phases.

Although a thermoresponsive contraction transformation of
1Ip-1 was not observed in the SCXRD experiments, a contraction
transformation of polycrystalline Ip-1 in response to the adsorp-
tion of guest molecules was possible as triggered by the
adsorption of water. This indicates that the strong host-guest
interactions formed on adsorption of H,O provides the ener-
getic stimulus for the contraction transformation that simple
cooling does not. The combined use of heat and guest adsorp-
tion is sufficient to allow 1 to exhibit full breathing behaviour.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Stimuli dependent differences in the observed breathing beha-
viour of MIL-53 MOFs have been noted for iron-based MIL-53
MOFs. [Fe(OH)(bdc)] does not exhibit thermoresponsive breath-
ing behaviour and remains in a np-form.*® However, it can
expand to the lp-form on formation of a host-guest compound
by the adsorption of short chain alkenes and other organic
molecules.?”%*

4. Conclusions

This study presents a novel synthesis route to a new member of the
gallium MIL-53 MOF solid-solution series, [Ga(OH)y goFo 20(bdc)], so
extending the series to [Ga(OH),_,Fy(bdc)] H,O (x < 0.20). The
framework fluoride content is 33% greater than the previously
reported [Ga(OH), g5Fo.15(bdc)] and is achieved without the use of
HF in the synthesis. This demonstrates the potential to make
members of MOF solution-series albeit through use of different
synthesis routes to obtain members of different chemical composi-
tion. The effects on the breathing behaviour of 1 are profound
compared to that reported for [Ga(OH)(bdc)] and [Ga(OH), gs5Fo.15
(bdc)]. This further demonstrates the ability to tune the breathing
properties of a MIL-53 MOF through this method of fluoride
incorporation into the p,-X bridging anion site to provide a
material with intermediate behaviour between the extremes of
exhibiting or not exhibiting thermoresponsive and guest-induced
breathing as has been reported for the aluminium MIL-53 MOFs
[AI(OH)(bdc)] and [AIF(bdc)] respectively.”****° This methodology
should be applicable to potentially tune the breathing and other
behaviours of other MOFs in a controlled manner.
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