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Single crystallinity of metal-organic frameworks (MOFs) enables the studies of their flexible behaviors
with atomic precision. Here, we investigated the structural transformations triggered by photochemical
cycloaddition and with temperature-dependent breathing in a series of pillared-layer MOF structures
using a variety of pyrazolecarboxylate linkers for the layers and bipyridyl linkers as the pillars. The ethy-
lenic double bonds from the pillars in close proximity undergo quantitative and seteroselective photo-
chemical [2+2] cycloaddition upon UV irradiation, transforming the MOFs into structures with
cyclobutane-based pillars. Furthermore, reversible breathing of the new pillared-layer MOF was evi-
denced by the 10.8% unit cell parameter change along c axis upon temperature change between 298
and 173 K. As revealed by single crystal X-ray diffraction, this transformation originates from the relative
flattening of the wavy layers upon cooling. These two different types of characteristic structural transfor-
mations responding to inherent reactions and external stimuli happen at single crystalline state, provid-
ing a well-defined robust system with controlled flexibility.
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1. Introduction

Compared with amorphous materials, materials in single crystal
form allow researchers to study the detailed structural characteris-
tics, and elucidate their relationships to specific properties. As one
kind of crystalline porous materials, metal-organic frameworks
(MOFs) are constructed by linking inorganic joints with organic
linkers together in an absolute ordered manner [1-4]. MOFs have
been demonstrated to be extremely functionalizable, flexible, and
even adaptive without sacrificing their structural integrities [5-
7]. Using single crystal X-ray technique, we are able to not only
determine the atomic arrangements within the frameworks, but
also take snapshots of structural transformations triggered by
inherent reactions or external stimuli [8].

Among the various structural transformations of MOFs, we are
particularly interested in exploring the delicate single-crystal to
single-crystal transformations triggered by external light or tem-
perature [9,10]. Photochemical reactions on the organic backbone
of the MOFs have been frequently investigated to functionalize
the porous materials. As one of the most studied photochemical
reactions, classic [2 + 2] cycloaddition reactions of ethylenic double
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bonds in the linkers [11-14] have changed the dimensional con-
nectivity of the MOFs [15-17], and produced polymers [18-20]
or new organic molecules [21-23] with specific stereoselectivities.
A prerequisite for the successful cycloaddition in MOF crystals is
that the ethylenic double bonds need to be precisely arranged with
the distance less than 4.2 A between each other [24]. To keep olefin
bonds in close proximity while still maintaining the high porosity
of the materials, designing pillared-layer MOFs in which the
cycloaddition reactions happen between the pillars, has been
proved to be a viable strategy. Recently, significant progress has
been made by smartly using pillar pair, rather than single pillar,
for porous MOF construction and functionalizing them photo-
chemically with exquisite control [25-29]. The MOFs after 100%
photodimerization are still in single crystal form, providing a pre-
cise platform to study the materials’ properties in gas separation
[28] and sensing [30,31], etc.

On the other hand, structural transformations in MOFs could
happen without any formation or dissociation of chemical bonds,
but due to the intrinsic flexible nature of the frameworks. Breath-
ing effect in MOFs could be stimulated by the change in tempera-
ture [32-34], mechanical pressure [35-37], and adsorption/
desorption of guest molecules [38-40]. For example, reversible
transformation with more than double increase in the unit cell vol-
ume is observed in the thermo-responsive MIL-53 [41]. Designing
such responsive materials is requisite for fabricating temperature-
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triggered sensors and switches [42]. Various mechanisms to
explain the temperature-dependent MOF structural transforma-
tion [43-45] have been examined, but more MOFs with definite
structures before and after transformations are needed to under-
stand MOFs’ flexible behavior clearly.

Herein, we demonstrate two types of structural
transformations—photochemical cycloaddition of the organic link-
ers and temperature-dependent breathing of the frameworks—in a
series of pillared-layer MOF structures. By employing linkers fea-
turing both pyrazolyl and carboxyl moieties as the organic edges
for the construction of layers with square grids, and bipyridyl link-
ers as pillars, five new pillared-layer MOFs based on Zn, nodes,
named FDM-61 to -65, were constructed. The open space within
the porous single crystals could be finely regulated by adjusting
the lengths of the layer linkers and the pillar linkers without alter-
ing the underlying topology. Particularly, FDM-62 and FDM-64 fea-
ture pairs of trans-1,2-bis(4-pyridyl)ethene linkers as the pillars,
with distance between two ethylenic double bonds in the pair less
than 3.93 A. The pillar pairs undergo quantitative and seteroselec-
tive photochemical [2+2] cycloaddition upon UV irradiation,
forming new MOFs with regio-cis,trans,trans-tetrakis(4-pyridyl)
cyclobutane as the pillars. The structural transformation was con-
firmed by single crystal X-ray diffraction as well as "H NMR of the
digested MOFs. What is more, after complete photodimerization of
the pillars in FDM-64, the obtained FDM-66 single crystals demon-
strate temperature-dependent breathing effect. The ¢ parameter in
FDM-66 shrinks from 34.62 to 30.87 A when the crystals are cooled
down from 298 to 173 K. The temperature-triggered 10.8% change
in the unit cell length is reversible. A close investigation by crystal-
lography revealed the relative flattening of the wavy layers in
FDM-66 upon cooling, with the average dihedral angle of the two
pyrazolates coordinating to the same Zn, node increased from
145.2° to 157.7°. The two types of structural transformations pre-
sented in the pillared-layer MOF system in a single-crystal to
single-crystal manner demonstrate the MOFs’ flexibility as
responses to inherent reactions and external stimuli.

2. Experimental
2.1. Methods

All chemicals were purchased from commercial suppliers and
used as received without further purifications. Fourier transform
infrared spectroscopy (FT-IR) measurements were performed on
a Nicolet iS10 FT-IR spectrometer with KBr pellets. Thermogravi-
metric analyses (TGA) of supercritical CO, activated samples were
performed using a TA Instruments SDT-Q600 thermogravimetric
analyzer with a heating rate of 10 °C min~! under air atmosphere.
Elemental analyses of C, H, and N were determined using auto-
mated vario EL IIl element analyzer. Elemental analyses of metals
were obtained by using Teledyne Leeman Labs Prodigy high disper-
sion inductively coupled plasma optical emission spectrometer
(ICP-OES). N, adsorption and desorption measurements were per-
formed on a Quantachrome Autosorb-iQ, gas sorption analyzer, or
a Micromeritics ASAP 2020 surface area and porosity analyzer at
77 K. Ultraviolet (UV) irradiation experiments were carried out
by using six 8 W UV lamps (4 =365 nm) as the irradiation source.
Solution 'H nuclear magnetic resonance ('H NMR) spectra were
obtained on a Bruker Avance III HD 400 spectrometer at 298 K.
Powder X-ray diffraction (PXRD) was carried out using a Bruker
AXS D8 Advance X-ray powder diffractometer operated at
1600 W power (40 kV, 40 mA) using Cu Ka radiation. The simu-
lated PXRD patterns were calculated using Mercury 3.0 from the
corresponding single-crystal structural data. Single crystal X-ray
diffraction (SXRD) data was collected on a Bruker SMART Apex Il

single-crystal X-ray diffractometer equipped with a CCD area
detector and operated at 50 kV, 30 mA to generate Mo Ko radiation
(4=0.71073 A), or a Bruker D8 Venture Metaljet diffractometer
equipped with a photon II detector and operated at 70KkV,
2.85 mA to generate Ga Ko radiation (4 =1.34138 A). The crystallo-
graphic data for all structures were deposited in the Cambridge
Structural Database (CSD), with the CCDC numbers 1943821-
1943827. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

2.2. Synthesis of [Zn,(PyC)x(BPy)] (FDM-61)

Single crystals of FDM-61 could be synthesized successfully
within a relatively wide metal-to-linker ratio range, and similar
crystalline qualities and yields are achieved. Typically, Zn(NO3),-
-6H,0 (37.0 mg, 0.125 mmol), 4-pyrazolecarboxylic acid (H,PyC,
8.4 mg, 0.075 mmol), and 4,4’-bipyridine (BPy, 7.8 mg, 0.05 mmol)
were dissolved in a solution of 1.5 mL N,N-diethylformamide (DEF)
and 0.5 mL water in a 4-mL vial. The vial was capped tightly and
placed in an oven at 85 °C for 24 h. Colorless polyhedral crystals
were collected and rinsed with N,N-dimethylformamide (DMF)
for three times. Yield: 45% based on H,PyC or 27% based on Zn
(II). Elemental analysis for activated FDM-61 (solvent exchanged
with EtOH nine times over three days, followed by supercritical
CO, activation): Calc. (Found, %) for [Zny(PyC),(BPy)] (C18H12Ng04-
Zny): C=42.63 (39.31); H=239 (3.50); N=16.57 (15.13);
Zn=25.79 (24.76). FT-IR: (KBr, 4000-450 cm™'): 3424(w), 1546
(vs), 1426(s), 1284(vs), 1221(w), 1175(w), 1048(s), 1005(s), 897
(w), 802(s), 729(w), 623(w), 606(w), 498(w).

2.3. Synthesis of [Znq.94Cug0s(PyC)2(BPE)] (FDM-62)

Zn(NO3),-6H,0 (60.0 mg, 0.2 mmol), Cu(NO3),-3H,0 (0.6 mg,
2.5 umol), HoPyC (22.4mg, 0.2 mmol), and trans-1,2-bis(4-
pyridyl)ethene (BPE, 18.4 mg, 0.1 mmol) were dissolved in a solu-
tion of 3.0 mL DEF, 3.0 mL N,N-dimethylacetamide (DMA), and
2.0 mL water in a 20-mL vial. The vial was capped tightly and
placed in an oven at 85 °C for 24 h. Light blue block crystals were
collected and rinsed with DMF for three times. Yield: 39% based
on H,PyC or 38% based on Zn(Il). Elemental analysis for activated
FDM-62 (solvent exchanged with EtOH nine times over three days,
followed by supercritical CO, activation): Calc. (Found, %) for
[Zn4.94Cug 06(PyC)2(BPE)] (C20H1aN604Zn1 94Cuq 06): C=45.07
(41.84); H=2.65 (3.54); N=15.77 (14.84); Cu=0.72 (0.75);
Zn=23.80 (24.27). FT-IR: (KBr, 4000-450 cm™!): 3424(w), 1615
(vs), 1597(s), 1549(vs), 1434(s), 1375(w), 1282(vs), 1210(w),
1169(w), 1051(s), 1027(s), 1005(s), 890(w), 823(s), 796(s), 624
(w), 568(w), 553(w).

2.4. Synthesis of [Zn,(PyBC)x(BPy)] (FDM-63)

Zn(NOs3),-6H,0 (15.0 mg, 0.05 mmol), 4-(1H-pyrazol-4-yl)
benzoic acid (H,PyBC, 9.4 mg, 0.05mmol), and BPy (4.0 mg,
0.025 mmol) were dissolved in a solution of 1.5 mL DMF and
0.5 mL DMA in a 4-mL vial. The vial was capped tightly and placed
in an oven at 85 °C for 24 h. Colorless polyhedral crystals were col-
lected and rinsed with DMF for three times. Yield: 33% based on
H,PyBC or Zn(II). Elemental analysis for activated FDM-63 (solvent
exchanged with EtOH nine times over three days, followed by
supercritical CO; activation): Calc. (Found, %) for [Zn,(PyBC),(BPy)]
(C30H20N504Zn2): C=54.65 (5240). H=3.06 (368), N=12.75
(12.07); Zn=19.83 (21.34). FT-IR: (KBr, 4000-450 cm™'): 3425
(w), 1610(vs), 1534(s), 1504(w), 1404(vs), 1359(s), 1301(w),
1249(s), 1225(w), 1180(s), 1106(w), 1047(s), 1012(w), 953(s),
857(s), 809(w), 785(s), 708(w), 635(w), 570(w), 516 (w).


http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif

Q. Pang et al./Science Bulletin 64 (2019) 1881-1889 1883

2.5. Synthesis of [Zn(PyBC)»(BPE)] (FDM-64)

Zn(NO3);-6H,0 (15.0mg, 0.05mmol), H,PyBC (9.4 mg,
0.05 mmol), and BPE (4.6 mg, 0.025 mmol) were dissolved in a
solution of 1.5 mL DMF and 0.5 mL DMA in a 4-mL vial. The vial
was capped tightly and placed in an oven at 85 °C for 24 h. Yellow
plate crystals were collected and rinsed with DMF for three times.
Yield: 37% based on H,PyBC or Zn(II). Elemental analysis for acti-
vated FDM-64 (solvent exchanged with EtOH nine times over
three days, followed by supercritical CO, activation): Calc. (Found,
%) for [Zl‘lz(PyBc)z(BPE)] (C32H22N504Zn2): C=56.08 (5325),
H=324 (3.89); N=12.26 (11.54); Zn=19.08 (19.11). FT-IR:
(KBr, 4000-450cm™!): 3439(w), 1669(w), 1612(vs), 1555(w),
1501(w), 1426(w), 1384(vs), 1361(s), 1301(w), 1250(s), 1177(w),
1114(w), 1048(s), 1022(w), 955(w), 848(w), 782(w), 701(w),
553(w), 516(w).

2.6. Synthesis of [Zny(PyC)x(BPE)-(BPE), 5] (FDM-65)

Zn(NO3);-6H,0 (30.0mg, 0.1 mmol), HyPyC (11.2mg,
0.1 mmol), and BPE (9.1 mg, 0.05mmol) were dissolved in a
solution of 0.75 mL DMA, 0.75 mL ethanol, and 0.5 mL water in a
4-mL vial. The vial was capped tightly and placed in an oven at
100 °C for 24 h. Yellow plate crystals were collected and rinsed
with DMF for three times. Yield: 58% based on H,PyC or Zn(II). Ele-
mental analysis for activated FDM-65 (solvent exchanged with
CH,Cl, nine times over three days, followed by heating at 60 °C
under vacuum): Calc. (Found, %) for [Zny(PyC),(BPE).(BPE)gs]
(C26H19N704Zﬂ2): C=50.03 (4825), H=3.07 (330), N=15.71
(15.62); Zn=20.95 (20.78). FT-IR: (KBr, 4000-450 cm!): 3421
(w), 3122(w), 3078(w), 3048(w), 2474(w), 1952(w), 1702(w),
1615(vs), 1596(vs), 1548(vs), 1507(s), 1433(vs), 1418(vs), 1373
(s), 1282(vs), 1210(s), 1169(w), 1074(w), 1048(s), 1027(s), 1005
(s), 890(w), 841(s), 824(vs), 795(vs), 672(w), 626(w), 553(vs),
499(w), 475(w).

@)

2.7. Water stability tests of FDM-62 and FDM-65

As-synthesized crystals of FDM-62 or FDM-65 were washed
with DMF and deionized water, and then immersed in water
(5 mg crystals per 1 mL water) in vials, and stood at ambient tem-
perature. PXRD patterns of both samples were measured at certain
time intervals. For the stability test of FDM-65 in boiling water, the
washed crystals of FDM-65 were immersed in deionized water
(5 mg crystals per 1 mL water) in a 25-mL round-bottom flask.
The flask was then heated in oil bath at 100 °C for 7 d.

2.8. Photochemical cycloaddition in FDM-62 and FDM-64

Single crystals of FDM-62 or FDM-64 (~100 mg) were immersed
in DMF solvent (8.0 mL) in a quartz reactor, respectively. Six UV
lamps (365 nm, 8 W) were installed on top of the reactor with a
fixed distance of ~12 cm between the light source and the crystals.
During the UV irradiation, ~5 mg crystals were taken out at certain
time intervals for further characterization, and the crystals
remained in the reactor were shaken a bit to assure sufficient
and uniform exposure to the light.

3. Results and discussion
3.1. Construction of the pillared-layer MOFs with paired pillars

Solvothermal reaction of Zn(NOs),-6H,0, H,PyC, and BPy in
mixed solvents of DEF and H,O at 85 °C gives single crystals of
[Zn,(PyC),(BPy)] (FDM-61, Fig. 1a). Single crystal XRD revealed
that FDM-61 crystallized in the orthorhombic Pnnm space group
(Table S1 online), and was found to be a three-dimensional (3D)
pillared-layer MOF structure. In each node, two Zn(Il) ions are
coordinated with four PyC linkers with NN from two pyrazolyl
groups and O from two carboxyl groups. Connecting the nodes
together with PyC linkers, two-dimensional layers with square

N
| Layer with PyC linker N
> | N
= FDM-63
z
z
\ Sy ()
N
BP!
BPE Y
N\
I -
z
z
¥ \N I
FDM-62 Layer with PyBC linker BPE FDM-64

Fig. 1. (Color online) Single crystal structures of pillared-layer FDM-61 to FDM-64. FDM-61 (a) and FDM-62 (d) are constructed by connecting PyC-based layers (b) with BPy
and BPE pillars, respectively. On the other hand, FDM-63 (c) and FDM-64 (f) are obtained by connecting PyBC-based layers (e) with BPy and BPE pillars, respectively.
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grids were obtained (Fig. 1b). Furthermore, 3D pillared-layer FDM-
61 was constructed by connecting Zn, nodes from adjacent layers
with BPy pillars (Fig. 1a). The distance between the two Zn(Il) in
each node is only 3.59 A, which makes the BPy pillars to be
arranged in face-to-face pairs. The centers of two pairing BPy link-
ers are separated by ~3.80 A, indicating the presence of - - -7 inter-
action between parallel pyridyl groups. Overall, the Zn(II) center
has a pseudo-tetrahedral coordination geometry, and the BPy pairs
are arranged in an alternating up/down manner along each layer.
The resulting FDM-61 has a topology of sqp by considering the pil-
lar pair as one edge, and features interconnected channels with
size of ~10.0 A x 4.8 A.

By replacing the BPy with the longer BPE as pillars in the syn-
thesis, single crystals of [Zn; g4Cuggs(PyC),(BPE)] (FDM-62) were
synthesized (Fig. 1d). X-ray crystallographic analysis revealed the
tetragonal P4,/mnm space group (Table S2 online). Isoreticular
with pillared-layer FDM-61, FDM-62 is constructed by using PyC
and Zn(II) for the layers, and BPE for the pillars. However, the inter-
layer distance of FDM-62 is 15.5 A, a 2.4 A increase compared with
that of FDM-61 due to the longer BPE pillar. The pillar expansion
also makes the pore size of FDM-62 being ~12.5 A x 5.6 A, as mea-
sured in the single crystal structure. The orientational disorder of
BPE pillars was observed, which is attributed to the recognized
pedal motion and the concomitant interconversion of two alternat-
ing BPE conformers [46,47]. The average distance between two
ethylenic double bonds in the BPE pair is only 3.84 A, providing
opportunities for cycloaddition reactions between the two neigh-
boring pillars.

It is worth mentioning that during the synthesis of FDM-62,
trace amount of Cu(ll) was added to the solution (feeding molar
ratio of Zn(II) to Cu(Il) is 80:1) to greatly improve the crystal qual-
ity of FDM-62 [48]. In the absence of Cu(ll), we could still acquire
FDM-62, but with poor single crystalline quality. Occasionally,
other MOF structures as impurities were also observed. By intro-
ducing Cu(Il) to the synthesis, high quality FDM-62 single crystals
sufficient for single crystal X-ray diffraction studies were obtained.
Furthermore, the use of Cu(Il) avoids the impurity formation. As
determined by ICP-OES, the ratio of Zn:Cu is 1.94:0.06 in FDM-
62. When similar synthesis but with pure Cu(Il) as metal source
was performed, mixed phases of three different structures were
obtained (see Supplementary data online for more details).

FDM-61 and FDM-62 demonstrate the capability of functionaliz-
ing the pillared-layer MOFs by modifying the pillar length and
specific functional groups in the pillars. On the other hand, exercis-
ing the principles of reticular chemistry, we could also introduce
different layer linkers to further modify the layers and the conse-
quent MOF structures. Employing PyBC linkers, which is 4.3 A
longer than PyC, to constitute the layers for the pillared-layer MOFs
(Fig. 1e), [Zn,(PyBC),(BPy)] (FDM-63, Fig. 1¢) and [Zn,(PyBC),(BPE)]
(FDM-64, Fig. 1f) were obtained (Tables S3 and S4 online). Both
FDM-63 and FDM-64 are isostructural with FDM-61 and FDM-62.
The square grid size in the layers of FDM-63 and FDM-64 is
13.7 A, making enough room for both structures to be doubly inter-
penetrated. By measuring the single crystal structures, FDM-63 has
a pore size of ~11.0 A x 10.2 A; while FDM-64 features 1D channel
with ~12.0 A x 11.7 A in size (Fig. S1 online). In FDM-64, the ethy-
lenic double bonds of paired BPE pillars show criss-cross arrange-
ments with the average center-to-center distance of 3.93 A.

The bulk purities of four new pillared-layer MOFs were con-
firmed by PXRD (Figs. S2-S5 online). Careful examination on the
experimental and the simulated patterns suggests no other phases
are generated in the one-pot mixed linker synthesis. Thermal sta-
bilities of all structures were further investigated by TGA (Fig. S7
online). Compared to the non-interpenetrated FDM-61 and FDM-
62, FDM-63 and FDM-64 with interpenetrated frameworks show
relatively higher thermal stabilities. Specifically, FDM-63 and

FDM-64 could be thermally stable up to 400 °C. Furthermore, the
porosities of the MOFs were determined by N, adsorption iso-
therms. FDM-62 has a Brunauer-Emmett-Teller (BET) surface area
of 146 m? g~!, while other MOFs do not show meaningful N,
uptake at 77 K (Fig. S8 online).

3.2. Paired vs. alternating pillar arrangement in FDM-62 and FDM-65

In FDM-61 to -64 with the same topology, the two pillar linkers
connecting to the same Zn, node are on the same side of the layer,
and inter-pillar interactions are evident by their close distance
between each other (Fig. 2a). At the same time, by adjusting the
reaction condition, we managed to obtain a topologically different
pillared-layer MOF, named FDM-65 [Zn,(PyC),(BPE)-(BPE)gs]
(Figs. S6 and S7 online). The two types of organic linkers adopted
in FDM-65 (PyC and BPE) are the same as those in FDM-62. X-ray
crystallographic analysis revealed that FDM-65 crystallized in
orthorhombic Pccn space group (Table S5 online). Similar layer
structure with FDM-62 is observed in FDM-65; however, the
arrangement of the pillars is different in these two MOF structures.
In FDM-65, the two pillars connecting to the same Zn, node are
arranged on the opposite sides of the layer (Fig. 2b). As a result,
no pairing of the pillars is observed in FDM-65, and the topology
of the overall network is pcu instead. In addition to serving as
the pillars for the pillared-layer structure, BPE is also located in
the pores as the guest molecules with host-guest 7 - -7t interaction.

Furthermore, the structure of FDM-65 is doubly interpene-
trated, while FDM-62 is non-interpenetrated. Considering the
same square grids in the layers for both MOFs, we believe that dif-
ferent arrangement of the pillars is responsible for the interpene-
tration in FDM-65. Using PyC as the layer linker, the opening of
the square grid is only ~4.0 A in diameter. This opening is possible
for one BPE linker to be inserted into, but not possible for a pair of
BPE linkers (with a diameter of ~7.2 A). In other words, FDM-62 has
paired pillars, thus interpenetration is forbidden. In the case of
FDM-65, however, the tendency of forming pillar pairs is sup-
pressed by the alternative interactions between the pillars and
the free BPE molecules in the pores. As a result, the two pillars
are arranged on the opposite sides of the layer. Indeed, the free
BPE molecules are perfectly sandwiched between the pillars from
two interpenetrating nets in FDM-65 (Fig. S9 online), with an aver-
age 7-- -1 distance of 3.43 A.

The restricted pore space due to the interpenetration and the
precisely sandwiched BPE guests in the pores have contributed to
the significantly improved chemical stability of FDM-65. FDM-65
retains its framework integrity after the crystals were immersed
in deionized water for 10 months, as evidenced by the almost
unchanged PXRD patterns (Fig. 2c). Moreover, structure of FDM-
65 is maintained after the crystals were kept in boiling water for
7 d. In contrast, after water treatment for 1 h at ambient tempera-
ture, crystals of FDM-62 lose the overall crystallinity with obvious
PXRD pattern change and dramatic peak intensity weakening
(Fig. 2d). A close investigation on the FDM-65 crystal structure
revealed that the Zn(II)-carboxylate coordination, which is the
least stable linkage when immersed in water, is closely surrounded
by pillars from the second net and BPE guest molecules. This envi-
ronment has prevented the formation of water clusters near the
metal centers in FDM-65, contributing to higher water stability.

3.3. Photochemical cycloaddition in FDM-62 and FDM-64

In both FDM-62 and FDM-64, the paired BPE linkers show face-
to-face arrangement with the distance between two ethylenic dou-
ble bonds less than 4.2 A (3.84 A for FDM-62 and 3.93 A for FDM-
64), meeting the Schmidt’s criteria for photochemical [2 +2]
cycloaddition reaction [24]|. When the cycloaddition happens in
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Fig. 2. (Color online) Structural and chemical stability comparisons between FDM-62 and FDM-65. (a) Paired BPE pillars are on the same side of the layer to form sqp-type
FDM-62. (b) BPE pillars are arranged on the opposite sides of the layer to form pcu-type FDM-65. Their water stability difference is evidenced by the PXRD patterns of FDM-65

(c) and FDM-62 (d) in deionized water for different time intervals.

the MOF crystals, it further imposes stereoselectivity to the
cyclobutane product. To elucidate the photochemical reactivity of
the two MOFs in single crystal form, single crystals of FDM-62
and FDM-64 in DMF were irradiated under UV light (365 nm) for
6 h. 'H NMR spectra of the DCI digested MOF samples (Fig. S10
online) were taken every 30 min to monitor the photodimerization
of the paired BPE linkers. Specifically, the 'H NMR spectra showed
complete disappearance of the chemical shifts from the olefin pro-
tons (7.87 ppm for FDM-62 and 8.07 ppm for FDM-64), and
appearance of the cyclobutane proton signals of the resulted
stereoselective regio-cis,trans,trans-tetrakis(4-pyridyl)cyclobutane
(rctt-tpeb) product (5.43 and 5.44 ppm, respectively). Note that
ethylenic double bonds of BPE linkers may arrange in a criss-
cross mode, they could undergo pedal motion and switch to paral-
lel conformation prior to the [2 + 2] cycloaddition reaction, and
make rctt-tpcb the only stereoselective product [19,47,49]. In addi-
tion, the signals of pyridyl protons shifted from 8.76, 8.24 to 8.65,
7.99 ppm in the digested FDM-62, and from 8.91, 8.35 to 8.72,
8.08 ppm in the digested FDM-64, respectively. The ratios between
the BPE linker and the resulted rctt-tpcb product in two MOF crys-
tals were calculated based on the peak integration in 'H NMR spec-
tra, and they revealed progressive conversion from BPE to rctt-tpcb
upon UV irradiation (Fig. 3a and b). Considering one rctt-tpcb lin-
ker is produced by every two BPE linkers, the conversion reaches
50% when the molar ratio between BPE and rctt-tpcb reaches 2:1
in the system. This point was met upon UV exposure for ~60 min
for FDM-62 (~70 min for FDM-64). Close to 100% photodimeriza-
tion yields were achieved after more than 6 h for FDM-62, and
5 h for FDM-64, respectively.

The structural transformation by photochemical cycloaddition
was further confirmed by the PXRD patterns of the MOFs after they
were irradiated for different time intervals. For example, in FDM-62,
a noticeable new peak appeared at 20 of 6.4° after it was exposed to
UV light for ~1 h, and the peak intensity increased gradually along
time (Fig. 3c). On the other hand, the intensities of 20 at 5.7°, 10.8°,
11.0°, and 14.8°, corresponding to (002), (103), (112), and
(11 4) reflections of FDM-62, decreased along the irradiation time.
In the case of FDM-64, the PXRD change was subtle, but several
new peaks with relatively weak intensity appeared at 9.1°, 13.8°,
and 17.2° (Fig. 3d). Together with 'H NMR results, PXRD clearly sup-
port that BPE pillar linkers in FDM-62 and FDM-64 are converted
into rctt-tpcb quantitatively upon UV irradiation, accompanied by
the unit cell parameters change during the photodimerization.

To gain direct insights into the structural details of the MOFs
after cycloaddition, we successfully obtained the single crystal
structure of the fully photodimerized product based on FDM-64,
termed FDM-66 (Fig. 3e). The formation of rctt-tpcb gave rise to
the change of space group from Pnna for FDM-64 to P2;/n for
FDM-66. As expected, FDM-66 shows rctt-tpcb as pillars in the
structure, with the C-C bond lengths in the cyclobutane being
1.58-1.72 A at 298 K. During the single-crystal to single-crystal
transformation, the unit cell parameters keep almost constant,
despite the space group changes to lower symmetry (Table 1). This
also explains the subtle change in the PXRD at room temperature
upon irradiation for FDM-64 (Fig. 3d). Overall, single crystallinity
is maintained during the cycloaddition, demonstrating the dynam-
ics and reactivity of the pillar linkers triggered by light in the
robust framework.
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Fig. 3. (Color online) Photochemical cycloaddition reactions in FDM-62 and FDM-64. (a, b) Mole percentage changes of the unreacted BPE pillars and the rctt-tpcb products in
FDM-62 and FDM-64 crystals during the photodimerization process, respectively. (¢, d) PXRD patterns of FDM-62 and FDM-64 under UV irradiation for different time
intervals, respectively. (e) Single-crystal to single-crystal transformation from FDM-64 to FDM-66 by photochemical [2 + 2] cycloaddition reaction.
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Table 1
Structural parameters of FDM-64, FDM-66-298K, and FDM-66-173K.
MOFs Unit cell parameters Volume (A3) Pillar length (A)* 0 (°)P°
a b, c(A) B(°)
FDM-64 18.57, 18.74, 34.58 90.00 12,036 13.44 145.0
FDM-66-298K 18.40, 18.90, 34.62 90.92 12,040 13.40 145.2
FDM-66-173K 18.97, 19.45, 30.87 91.96 11,384 13.29 157.7

2 Average distance of Zn. - -BPE. - -Zn or Zn. - -rctt-tpcb- - -Zn.
b Dihedral angle of the two pyrazolates coordinating to the same Zn, node.

3.4. Temperature-dependent breathing in FDM-66

We found that FDM-66 features different unit cell parameters
when the single crystal X-ray diffraction data is collected at 173
or at 298 K (Tables S6 and S7 online). Both structures, named
FDM-66-173 K and FDM-66-298 K in this context, have the same
P21/n space group and the same atomic connectivity, but with dif-
ferent cell parameters (Table 1). Particularly, a significant decrease
in ¢ from 34.62 to 30.87 A was observed when the crystal is cooled
down from 298 to 173 K (Fig. 4a). This represents a 10.8% change
along the c direction. On the other hand, ~3% increase in a and b
directions was measured, and the total unit cell volume shrinks
about 5.4%. This structural transformation is reversible, as evi-
denced by the full recovery of the original unit cell when the crys-
tals were warmed up to room temperature.

A careful comparison between FDM-66-173K and FDM-66-
298K revealed that the layers in FDM-66-298K are wavier than
those in FDM-66-173K. The average dihedral angles between the
two pyrazolates coordinating to the same Zn, node are 145.2°
and 157.7° for FDM-66-298K and FDM-66-173K, respectively
(Fig. 4b). Similarly, the average dihedral angle between the two
carboxylates connecting to the same node also increases from

173K

142.6° to 150.2° when the crystal was cooled down to 173 K. The
dihedral angle increase has significantly flattened the layers, thus
a reduction on the ¢ parameter was observed.

We sought to understand the origin of the bistable structural
breathing effect triggered by the temperature change. A careful
analysis on the rctt-tpcb pillars suggests no conformational change
on the pillar linker, and the pillar length remains almost constant
(13.3-13.4 A, measured by the distance between two Zn(Il) from
neighboring layers). In addition, overlapping the structures of
FDM-66-298K and FDM-66-173K (Fig. S11 online) shows the coor-
dination environment around the pseudo-tetrahedral Zn(II)
remains almost unchanged, with the average bond angle change
around pyrazolyl N-Zn(Il)-pyrazolyl N being less than 1.7°
(Fig. S12 and Table S8 online). This value is significantly smaller
than the 12.5° change in the dihedral angle between the two pyra-
zolates. Thus, we conclude that the flexible nature of FDM-66 orig-
inates from the PyBC layer linker. The subtle change on the bond
angle and coplanarity in the PyBC linker has been amplified into
the moderate unit cell parameter change in the crystal. Similar
vibration behaviors of linker act as a “knee” have been reported
[50,51]. Previously, mechanisms of thermo-responsive MOFs were
explained by linker rotation [43], side chain motion [44], dispersive

FDM-66-298K

298 K

FDM-66-173K

FDM-66-298K

FDM-66-173K

Fig. 4. (Color online) Temperature-dependent breathing in FDM-66. (a) Reversible transformation between FDM-66-298K and FDM-66-173K is evident by the ¢ parameter
change in the unit cell. (b) Average dihedral angle of the two pyrazolates coordinating to the same Zn, node increases from FDM-66-298K to FDM-66-173K.
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interactions and entropy stabilization [41,45], or host-guest and
guest-guest interactions [51,52]. In our work, the crystals of
FDM-66 for structural determination at different temperatures
were obtained with DMF solvent in the pores. As no linker rotation
and side chain is involved in FDM-66, we believe the reversible
breathing of the network without the adsorption/desorption of
any guest is probably induced by the 7-- -7 interactions of PyBC
linkers, the MOF host-solvent guest interactions, and/or guest
molecules rearrangement.

4. Conclusions

In summary, by adopting the same pillared-layer structure
topology, four new MOFs (FDM-61 to -64) were constructed using
layer linkers and pillar linkers with varied lengths and functional
groups. With the ethylenic double bonds in the pillars of the struc-
tures, FDM-62 and FDM-64 could convert to new MOF structures
with cyclobutane-based pillars by classic photochemical [2 + 2]
cycloaddition reactions, demonstrating the capability of structural
transformation in single crystal form. The paired arrangement of
olefin-based pillars is necessary for the photodimerization. In con-
trast, pillared-layer structure FDM-65 with higher water stability
could not undergo cylcoaddition due to larger inter-pillar distance.
Furthermore, breathing behavior triggered by temperature change
was demonstrated in the single crystals of cyclobutane-based
FDM-66, with 10.8% cell parameter change along c axis. The work
presented here affords a great platform for researchers to study
the elaborate structural transformations in porous crystalline
materials. In the future, we will explore the potential applications
in sensing of the materials with temperature-dependent breathing.
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