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Herein we report a study on water adsorption/desorption-
triggered single-crystal to single-crystal transformations in a MOF,
by single-crystal and humidity-controlled powder X-ray diffraction
and water-sorption measurements. We identified a gate-opening
effect at a relative humidity of 85% upon water adsorption, and a
gate-closure effect at relative humidity of 55% to 77% upon water
desorption. This reversible breathing effect between the “open”
and the “closed” structures of the MOF involves the cleavage and
formation of several coordination bonds.

Research on metal-organic frameworks (MOFs), also known as
porous coordination polymers (PCPs), has recently put the
spotlight on applications that rely on water-sorption
properties. These applications include heat transformation;1-4
enhancement of CO, capture;>7 proton conductivity;811 air
dehumidification;12 and water delivery in remote areas.13
Among the various MOFs that have shown promising water-
sorption capabilities?14, the flexible “third-generation”
MOFs15-17 are very interesting because, upon exposure to
water at a very specific gate pressure, they can undergo a
reversible change from a “closed” structure to an “open” one.
Consequently, these MOFs can exhibit stepwise adsorption of
water (usually reflected by an S-shape water-sorption
isotherm) or behave as a water-induced switching material,
which is useful for applications such as heat transformation,18
sensors!? and proton conductivity.20-22 A clear example of this
type of flexible MOF is Al-MIL-53-0OH423, which abruptly takes
up water at a relative humidity (RH) of roughly 80%, due to a
phase transition from its “closed” structure to its “open” one.
To date, very few studies on the breathing effects induced
by water sorption in MOFs have been done, and even fewer
studies have explored the single crystal-to-single crystal (SC-
SC) transformations between the “closed” and “open”
structures during water sorption.2*#2> Knowledge on these
phase transitions is important for understanding the pertinent
water-sorption mechanisms and for developing more efficient
MOFs. Much of the work done so far has focused on
investigating SC-SC transformations induced by water in dense
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MOFs—namely, to study the reversible transitions between
crystalline states with different proton conductivities.20-22
Importantly, a showing a water-induced SC-SC
transformation between “closed” and “open” structures was
reported by Chen et al., who found a transition between a 5-
fold interpenetrated network (the “open” or hydrated
structure) to a 6-fold interpenetrated network (the “closed” or
dehydrated structure). They proved that these reversible
transformations involved coordination bond cleavages and
formations in which water molecules intervened.?> More
recently, Morris et al. studied the SC-SC transformation of a
flexible MOF by using in situ temperature-controlled single-
crystal diffraction studies. They found that the transition
between the hydrated porous phase (which is porous to NO)
and the dehydrated non-porous phase involved the reversible
breaking and formation of several bonds.26 Importantly,
neither of these two examples has been investigated in terms
of water sorption.

Herein, we report a study on water adsorption/desorption-
triggered SC-SC transformations in a MOF, by single-crystal and
humidity-controlled powder X-ray diffraction and water-
sorption measurements. Specifically, we describe the synthesis
of a new flexible MOF, of formula [Mn,(Gd-H-DOTA-
4AmP)(H,0)7]-21H,0 (1) [where Gd-Hs-DOTA-4AmP is Gd(lll)-
1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetamidomethylene phosphonic acid (Fig. 1a)],2” which
exhibits an S-shape (Type V)282° water isotherm. It abruptly
takes up water at a RH of 85%, reaching its total water uptake
of 0.4 guater81! at @ RH of 95%. We used single-crystal X-ray
diffraction (SCXRD) and humidity controlled powder X-ray
diffraction (PXRD) measurements to determine that the water
adsorption/desorption mechanism in 1 involves an SC-SC
transition between two different phases: 1-op (1-open pore)
and 1-cp (1-closed pore). To our knowledge, this is the first-
ever reported use of humidity-controlled PXRD measurements
on a flexible MOF to understand its water-sorption behaviour
in terms of SC-SC transition.
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Fig. 1 Crystal structure of 1-op. (a) Coordination environment of Gd-H-DOTA-
4AmP. (b) Representations of the [Mn2(POs3R)4(H20)s] binuclear building unit. (c)
View of a coordination layer along the b-axis. Colour code: Gd, green; Mn, pink; P,
orange; O, red; N, blue; and C, grey. H atoms have been omitted for clarity.

Crystals of 1-op suitable for SCXRD were obtained from the
reaction of Gd-Hg-DOTA-4AmP and manganese
tetrahydrate in water at room temperature for 10 days (yield:
80%). The structure of 1-op was resolved, and refined in the
monoclinic space group P2:/c, revealing the formation of a 2-D
network of formula [Mny(Gd-H-DOTA-4AmP)(H,0)7]-21H,0.
The basic unit of 1-op is a binuclear unit of formula
[Mn3(PO3R)4(H20)e], in which the two Mn(ll) ions are bridged
by two O atoms of two phosphonate groups (Fig. 1b). Both

acetate

Phase 1-op (open pore)

coordinated to three O atoms of phosphonate groups and to
three water molecules. In this structure, each binuclear unit is
connected to four Gd-H-DOTA-4AmP linkers and each Gd-H-
DOTA-4AmP linker is connected to four binuclear Mn(ll) units,
creating layers extending along the ac plane (Fig. 1c). These
layers show a corrugated conformation and stack up along the
b-axis, forming 1-D channels that run along the a-axis (Fig. 2).
The channels have dimensions of approximately 14.8 A x 9.5 A,
affording an estimated solvent-accessible void volume of 2,657
A3, which represents 45% of the total cell volume (5,958 A3) of
1-op. These channels are filled with 21 guest water molecules
per formula unit, as confirmed by elemental analysis and
thermogravimetric (TGA) analysis (Table S2 and Fig. S1, ESIT).
Interestingly, single crystals of 1-op underwent structural
transformations when they were exposed to a dry
environment (RH < 40%) for 8 hours. SCXRD performed on the
resulting crystals revealed the formation of a new phase, of
formula [Mny(Gd-H-DOTA-4AmP)(H,0);]-5H,0 (1-cp), which
crystallises in the monoclinic space group C2/c. 1-cp is also
formed of coordination layers made of binuclear Mn(ll) units
bridged by Gd-H-DOTA-4AmP linkers. However, compared to
1-op, 1-cp showed drastically reduced cell volume [compare
5,958 A3 (1-op) to 4,335 A3 (1-cp); 27% reduction), and
especially, reduced solvent-accessible volume (from 2,657 A3
(1-op) to 682 A3 (1-cp); 74% reduction). As expected, this
reduction makes 1-¢p almost non-porous to N (Sger = 30 m2-g-
1) and CO, (Fig. S3, ESIt). This reduction is a direct
consequence of the transition between the corrugated
conformation of the coordination layers in 1-op to a flatter
conformation in 1-cp. This change leads to closer packing
between the coordination layers along the b-axis [b-axis is
reduced from 19.8 A (1-op) to 14.5 A (1-cp)], thereby closing
the 1D channels (Fig. 2). This dense packing means that, whilst
there is no direct hydrogen bonding between the corrugated
layers of 1-op, the closest layers in 1-cp form two direct
hydrogen bonds between the O3 atom of the phosphonate
group and the Mn(ll)-bound water molecule O3W (O3W---03,
2.83 A) and the O7 atom of the phosphonate group and Gd(lIl)-
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Fig. 2 Schematic representations and views of (top,left) the corrugated coordination layers of 1-op and (top,right) the flatter coordination layers of 1-cp along the a-axis. Note

that the corrugated layers define the 1D channels, whereas the flat layers close them.

(bottom,left) Detail of the Mn(ll) binuclear subunit in 1-op showing the

cleavage/formation of coordination bonds (blue arrows) and the rotation of the subunit (black arrow) during the phase transition. (bottom,right) View of the resulting
binuclear subunit in 1-cp. Colour code: Gd, green; Mn, pink; P, orange; O, red; N, blue; and C, grey. H atoms have been omitted for clarity.

Mn(ll) centres adopt a distorted octahedral geometry

2|

bound water molecule O1W (01W---07, 2.65 A; Fig. S4, ESIT).
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Fig. 3 (a) Adsorption branch of the water isotherm of 1 showing the presence of
1-cp (red), 1-op (blue) and mixed (purple) phases. (b) Humidity-controlled PXRD
measurements of 1 at different RH values, showing the presence of 1-cp (red), 1-
op (blue) and mixed (purple) phases.

Interestingly, it also involves the removal of sixteen guest
water molecules, such that only five guest water molecules
remain between the layers of 1-cp, as confirmed by elemental
analysis and TGA (Table S3 and Fig. S1, ESIT).

A more detailed analysis of the 1-op—1-cp transformation
shows that the transition between the corrugated layers to the
flatter layers is promoted by the rotation of the Mn(ll)
binuclear building unit around the a axis (Fig. 2). As illustrated
in Figure 2, this rotation requires the cleavage and formation
of two phosphonate-Mn(Il) and two water-Mn(ll) coordination
bonds per binuclear Mn(ll) unit. Here, we hypothesise that
guest water molecules may participate in this ligand exchange
mechanism by coordinating to the Mn(ll) ions and forming
intermediate species such that two coordinated water
molecules would ultimately be replaced with two guest water
molecules.?>:30

To verify the reversibility of this SC-SC transformation, we
incubated crystals of 1-cp in water overnight. PXRD analysis of
the resulting crystals revealed that 1-op phase is recovered
(Fig. S5, ESIt), demonstrating that the transition 1-op«>1-cp is
reversible. As 1-op«<>1-cp involves the loss and gain of many
water molecules, we then investigated whether 1 shows a
gate-opening effect upon water sorption. To this end, we
combined water-sorption measurements with PXRD analysis in
a humidity-controlled environment (Fig. 3 and 4).3132 The
collected water isotherm showed different paths between the
adsorption and desorption branches. In this isotherm, the
water adsorption branch follows a representative type Il trend
up to a RH of 85%, in which the water uptake is 0.28 gwater81*
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Fig. 4 (a) Desorption branch of the water isotherm of 1 showing the presence of 1-
cp (red), 1-op (blue) and mixed (purple) phases. (b) Humidity controlled PXRD
measurements of 1 at different RH values, showing the presence of 1-cp (red), 1-
op (blue) and mixed (purple) phases.

or 19 H,O per formula unit. At this RH, a step appears,
changing the trend of the isotherm from type Il to type V;
behaviour that is characteristic of a gate-opening effect in
flexible MOFs (Fig. 3a).33 This event increases the water uptake
up to 0.40 gyater8172 or 28 H,0 per formula unit at a RH of 95%.
The presence of this step is in agreement with the transition
phase 1-cp—1-op recorded using humidity-controlled PXRD
measurements (Fig. 3b). Indeed, while the characteristic PXRD
pattern of 1-cp was observed up to an RH of 80%, the PXRD
pattern at a RH of 90% (corresponding to the middle of the
step) showed the coexistence of peaks characteristic of both
phases. The transition was completed at a RH of 95%, in which
the PXRD pattern showed the characteristic pattern of 1-op.

The desorption branch also shows a step in the RH range
from 70% to 55% (Fig. 4a). This abrupt desorption of water
molecules correlates well with humidity-controlled PXRD
measurements of the transition 1-op—1-cp (Fig. 4b).3* Hence,
the PXRD pattern at a RH of 85% is identical to that of 1-op,
whereas those patterns collected at RHs of 65% and 55%
showed the coexistence of peaks characteristic of both phases.
Below a RH of 45%, the PXRD pattern is characteristic of 1-cp,
as confirmed by the lack of all characteristic peaks of 1-op (e.g.
20 =9.0°and 10.7°).

We then performed four consecutive cycles of water
adsorption/desorption to further analyse the reversibility of
the water sorption process (Fig. S6, ESIT). Remarkably, the
stepwise trend in the isotherm remained and the maximum
uptake (0.40 gwaterg1) was not significantly different among
the cycles, confirming the stability of the material to water



sorption/desorption processes The kinetic study of the phase
transition 1-cp—1-op, whereby the 1-cp phase was exposed to
an environment having a RH of 95% (Fig. S7, ESIt), revealed
that the first peaks of the porous phase appeared in the first
15 minutes, whilst the transition could be considered complete
after 2.5 hours.

In conclusion,
reversible SC-SC transformation of a MOF from a

we have described the water-induced
“closed”
structure to an “open” one. This reversible transformation
involves the rupture and formation of several coordination
bonds. We have shown that combining water sorption
measurements with single-crystal and humidity-controlled
powder X-ray diffraction can provide valuable information on
any breathing that during the water
adsorption/desorption processes. It is clear that 1 shows gate
opening at a RH of 85%, achieving a total water uptake of 0.40
Swater'8171. It also shows a large hysteresis, in which the gate

effects occur

closure occurs at an RH range of 55-70%. Furthermore, we
have performed kinetics and recyclability studies, showing a
total reversibility between the transition 1-op<>1-cp for at
least four cycles.
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