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In general, flexible metal-organic frameworks (MOFs) change their structures via framework breathing in response to external
stimuli (usually guest adsorption and desorption). Here, we show a dynamic coordination bond in a flexible MOF driving a
thermo-induced diffuse phase transition occurring in a wide temperature range of 130-270 K (centered at ~200 K), which ena-
bles the switching of magnetism and second-harmonic generation (SHG) responses. In specific, a solvent-free Co'l-based flex-
ible MOF Cox(TPY)2(BPTC) (1), bearing biphenyl-3,3°,5,5’-tetracarboxylic acid (H4BPTC) and 2,2°:6’,2”’-terpyridine (TPY)
ligands, exhibits a reversible thermo-responsive coordination-mode switching between five- and six-fold. This dynamic bond
results in the reversible transformation between a distorted polar framework and a regular nonpolar framework, and therefore

leads to the subtle change of the magnetic property and substantial change of the nonlinear optical property of 1.
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1 Introduction

The variable coordination geometry of transition metal cen-
ters and the lability of coordination bonds allow flexible
MOFs to exhibit reversible structural transitions under ex-
ternal stimuli.l'®! These stimuli-induced transitions endow a
wide range of functional properties such as “gate-opening
adsorption”,” ¥l metal-insulator transition,!'* '] magnetic
bistability,!'®) and ferroelectricity.l'”>") Typically, structural
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transformations in porous flexible MOFs rely on the guest
incorporation/removal, which might enable discriminatory
gate-opening  behaviors. However, reversible ther-
mo-induced phase transitions leading to the switching of
MOF’s physical properties are far less common, let alone
the thermo-induced phase transitions involving bond cleav-
age and formation.”'->I This may be attributed to the fact
that few dynamic metal-ligand bonds can be accessible for
MOFs.[*]

It is well known that ligands bearing multiple carboxyl
groups can be used to construct MOFs.?3!I For the coordi-
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nation of carboxyl groups, the thermo-responsive mono-
dentate/bidentate switching behaviors have been observed
in nonheme diiron proteins.* Therefore, we propose to
harness the labile metal-carboxylate coordination to intro-
duce dynamic bonds into MOFs. This could potentially re-
alize the thermal switching of certain physical properties.
Our previous efforts on thermo-responsive materials have
identified a hydrogen-bonded framework (HOF) showing a
temperature-induced phase transition governed by the dy-
namic  hydrogen bonds between H4BPTC and
4,4'-azopyridine (azpy).’> 331 We envisage that the ther-
mo-responsive dynamic coordination bonds may be ac-
cessed in flexible MOFs bearing the BPTC* ligands, pro-
vided that the structural flexibility can tolerate the bond
switching. If the proposed thermo-induced phase transition
can be realized, switchable physical properties might be
readily achievable providing potential for new memory de-
vices.** For example, switchable magnetic moment can be
realized when the phase transition is correlated to the
change of the chemical environment of paramagnetic cen-
tersi*>3%] as observed on the spin crossover compounds>*+7]
and the compounds with switchable orbital angular mo-
mentum* “1. Furthermore, symmetry breaking may be
introduced into the phase transition of magnetic materials**!
and thus switching of multiple physical properties can be
expected.

Herein, we report a solvent-free two-dimensional (2D)
flexible MOF  Cox(TPY)(BPTC) (1) comprising
[Co(TPY)]** and BPTC*. 1 undergoes a thermo-induced
phase transition involving metal—carboxylate bond switch-
ing and framework-deformation. The transition tempera-
tures are in a wide range of 130270 K with the center at
~200 K. Upon cooling, the Co" ions change the coordina-
tion number from five to six, and two of the carboxyl
groups of the BPTC* ligand change their coordination
modes from monodentate to bidentate accordingly. Simul-
taneously, the formation of the sixth coordination bond
changes the framework from a nonpolar structure to a dis-
torted polar structure. Along with the phase transition, the
magnetic and nonlinear optical properties of 1 also switch
reversibly.

2 Results and Discussion

The solvothermal reaction of CoCl,, TPY, and HsBPTC
in methanol affords pink crystals of 1-solvent. Sin-
gle-crystal X-ray crystallography at 328 K reveals a grid
layer structure with one-dimensional (1D) regular
“wine-rack” channels. 1-solvent (the high-temperature (HT)
phase) crystallizes in the centrosymmetric space group
Fddd (Table S1), and the asymmetric unit comprises half of
a [Co(TPY)]*" cation and one fourth of a BPTC* ligand.
The strong absorption at 1574 cm™ in the infrared (IR)
spectrum of 1-solvent can be assigned to vc—o from the
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carboxyl groups in BPTC* (Figure S1).1”) The Co'! ion is in
five-fold coordination by three N atoms from the same TPY
and two O atoms from two carboxyl groups of two different
BPTC* ligands (Figure S2a). The two carboxyl groups are
located on both sides of the plane defined by the
[Co(TPY)]**  cation, adopting the monodentate
n'-coordination mode with the same Co-O distance of
2.033 A. The BPTC* ligands act as tetra-topic linkers con-
necting the [Co(TPY)]*" ions into a 2D grid framework in
the ab plane (Figures la and S2a). The grid layer structures
slip-stack along the ¢ axis (Figure 1b), forming a centro-
symmetric structure with “wine-rack” channels along both
[1 00]and [1 1 0] directions (Figure 1c).

Figure 1 (a) The grid layer structure of 1-solvent. (b) The
slip-stacked layer structure of 1-solvent. (c) The
“wine-rack” channels in the crystal structure of 1-solvent.

Thermogravimetric analysis (TGA) shows that the
framework of 1 is stable up to about 400 °C, with the mass
loss (~10.52 wt%) between 30 and 100 °C attributed to the
removal of solvent molecules in the channels (Figure S3).
The framework remains intact after desolvation, as con-
firmed by the powder X-ray diffraction (PXRD) measure-
ments (Figure S4). The excellent thermos-stability of 1
promote us to evaluate its permanent porosity. The N, sorp-
tion isotherm measured at 77 K on 1 gives a Brunau-
er-Emmett-Teller (BET) surface area of 487 m? g”!, a pore
volume of 0.225 cm® g™!, and a narrow pore size distribu-
tion with an average pore diameter of 9.02 A (Figure S5).
These values are consistent with the structural analysis.
Furthermore, the CO; isotherms measured at 195, 273, and
298 K reveal an uptake of 80.74, 60.74, and 45.76 cm?* (STP)
g at P/Py = 1, respectively (Figure S6a). The isosteric heat
of adsorption (QO«) at zero coverage is estimated to be 31.2
kJ mol™! using the adsorption isotherms at 273 and 298 K
(Figures S6b and S7). No obvious hysteresis can be ob-
served for all of the isotherms, indicating that the frame-
work is robust in response to the gas sorption.>!

When the temperature decreases, a structural transition
occurs. The single-crystal structure analysis at 200 K
showed that 1-solvent transfers to a low-temperature (LT)
phase, which crystallizes in a non-centrosymmetric space
group Fdd2 (Table S1). This implies that a symmetry
breaking process has occurred. The LT structure is best re-
fined using the two-component inversion twin strategy giv-
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ing a Flack parameter of ~0.5 implying the transition in-
volving a transformation from a single crystal with single
domain to a twinned single crystal with multi domains.">!
Compared with the HT phase, the asymmetric unit of the LT
phase is doubled, containing a [Co(TPY)]?" ion and half of a
BPTC* ligand. In response to the decreasing temperature,
the BPTC* ligands tilt substantially. The benzene rings of
the BPTC* tilt from orthogonal to the plane defined by the
[Co(TPY)]*" ions at HT, to an angle of 70.5° at LT (Figure
2b). Accordingly, three significant structural changes occur :
(1) a new Co—O bond Co—0O4 (with the Co—O4 and Co—02
distances both 2.671 A in the HT phase) change to (2.382
and 2.934 A, respectively, in the LT phase) forms leading to
the Co" ions change from five-coordination to
six-coordination (Figures 2a and S2a); (2) two carboxyl
groups from the same BPTC* ligand change to the asym-
metric bidentate #*-coordination mode (Figures 2a and S2b);
(3) the “wine-rack” channels distort dramatically from the
HT phase (Figure 2b), resulting in the change of the solvent
accessible pore volume from 27.6% in the HT phase to
26.3% in the LT phase.

(a)
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Figure 2 (a) The variation of the coordination of Co?" ions and BPTC*
during the thermo-induced phase transition. (The atoms are labeled in

accordance with those in the LT phase.) (b) The distortion of the 2D
framework during the phase transition.

c

T

Since the components of the solvent molecules were
failed to be determined by SCXRD on this strategy, another
single crystal of 1 solvent was picked out for structural de-
termination at 200 K initially and then at 328 K. In this case,
the solvent molecules can be clearly identified and the for-
mula for 1solvent was determined to be
Co2(TPY)2(BPTC)(CH30H)o5(H20)s which is consistent to
the TGA result and further confirmed by elemental analysis.

Although relatively weaker than the conventional Co—O
coordination bonds, the interaction of Co—04 (2.382 A) in
the LT phase can be assigned to be a bond path.??! The bond
length of C23=04 is significantly increased from 1.238 A in
the HT phase to 1.257 A in the LT phase, which also indi-
cates the switching from the monodentate 7'-coordination to
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the bidentate #*-coordination of the corresponding carboxyl
group (0O3-C23-04) (Figure S2b). Furthermore, the appar-
ent bonding of Co—O4 is also indicated by the theoretical
computation, which suggests notable attraction between
these two atoms (Figure S8). To clarify which external
stimuli (e.g temperature or guest) triggers the phase transi-
tion of 1-solvent, structural determinations are also per-
formed on a single-crystal of 1 (solvent free sample) at 270
K, 255 K, 305 K, and 260 K during the heating and cooling
cycles of 350-200-350-200 K. The results confirm that 1
also undergoes the phase transition reversibly (Table S3),
precluding the possibility of guest-dependent phase transi-
tion. The molecular movements during the phase transition
induce the symmetry breaking from the HT phase with eight
symmetry elements (£, 3C», i, gy, o, and o4) to the LT phase
with four (E, C», ov, and oq4), which is in good agreement
with a ferroelectric-to-paraelectric transition with the Aizu
notation mmmFmm2.1>?)

The thermo-induced phase transition of 1 is further mon-
itored using the differential scanning calorimetry (DSC) and
heat capacity (C,) measurements. DSC curves (at a rate of 5
K/min) reveal a reversible phase transition with very broad
peaks (Figure 3a). The heating branch shows a broad Exo
thermic peak (130-270 K) centered at ~203 K, and the cor-
responding Endo thermic peak on the cooling branch ap-
pears in the range of (134-274 K) with the peak center at
~199 K. The transition enthalpy (AH) and entropy (AS) es-
timated from the DSC measurement are AH ~ 7.74 kJ
mol™! and AS = 38.1 J K™! mol™, respectively. The C,-T
plot shows a slight anomaly from 150 to 270 K (Figure S9),
but the first-order derivative of the C,—T plot shows a broad
peak (130-272 K) centered at ~202 K (Figure 3b) indicating
a second order phase transition.?!
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Figure 3 (a) DSC curves of 1 showing the reversible phase transition. (b)
The AC,/T-T plot of 1 from 2 to 300 K at a rate of 5 K/min.

Because the phase transition involves the variation of the
coordination environment of paramagnetic Co", the temper-
ature-variable magnetic susceptibilities were measured on 1
(solvent free sample) in a cycle of 400—2—400 K under 1000
Oe to investigate the corresponding change of magnetism
(Figures 4, S10). During the cooling course, the yn7 value
per Co'" slightly decreases from 2.58 cm® K mol™! at 400 K
to 2.50 cm® K mol™! at ~200 K, and then slightly increases
before quickly decreasing at ~100 K. During the heating
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course, the ymT value per Co! increases to a maximum of
2.53 cm?® K mol™! at 126 K, and then decreases to a mini-
mum at ~200 K before gradually increasing. Remarkably,
an obvious small hysteresis can be observed, probably due
to the small thermal hysteresis and/or irreversible pathway
of the phase transition. The minimum observed at ~200 K
during both the courses was caused by the phase transition,
consistent to transition temperatures suggested by DSC and
heat capacity measurements. Even the minimum ym7 value
at ~200 K is between the values for high-spin Co" with a
fully quenched (1.88 ¢cm® mol™! K) and unquenched (5.49
cm?® mol™!' K) angular momentum, indicating a significant
contribution of the angular momentum for both phases.*!
Fitting the magnetic susceptibilities from the heating course
(200400 K) with the Curie—Weiss law gives a Curie con-
stant of C = 2.70 cm® K mol™! and a Weiss constant 8§ =
—17.9 K for the HT phase) (Figure S11). The corresponding
results for the LT phase (45-115 K) are C = 2.70 cm® K
mol™! and 6 = —7.36 K. The same Curie constant for the HT
and LT phases gives the same g value (gur = grir = 2.40),
and the different magnetic properties primarily originate
from the significantly different Weiss temperatures (6).

For Co!" without apparent magnetic coupling, @ is closely
related to magnetic anisotropy induced by spin—orbital cou-
pling which can be reflected by phenomenological magnetic
parameters: D, |E|, and giso, where D and E are the axial
and rhombic anisotropic parameters respectively; and giso
is the isotropic g factor. To interpret our experimental ob-
servations and provide insights into the observed magnetism
switching, ab  initio  calculations  using  the
CASSCF/NEVPT2 (Complete-Active-Space Self
-Consistent-Field/2nd-order N-electron valence state per-
turbation theory) protocol were performed. The ym7-T plots
obtained by the quasi-degenerate perturbation theory agree
with the experimental observation (Figures 4, S10). Pro-
jecting the calculated low-lying doublets onto the spin
Hamiltonian with S = 3/2 yields the following phenomeno-
logical magnetic parameters: D =42.1 cm™', |E| = 8.36 cm ™',
and giso = 2.25 (g, = 1.99, g, = 2.28, g. = 2.47) for the HT
phase; and D = 46.5 cm™!, |E| = 10.9 cm ™, and giso = 2.27
(gx =198, g, = 2.30, g. = 2.54) for the LT phase, which are
reasonable compared with the parameters from the experi-
mental data. The different values of D and |E| indicate the
observed slight change in magnetic moments is ascribed to
the switching of magnetic anisotropy of Co!" between these
two phases. The orbital contributions to g-factors of the
ground doublet change obviously; the ratio of isotropic or-
bital contribution and spin contribution (gi/gs) increase
from 0.048 for the HT phase to 0.091 for the LT phase (Ta-
ble S5).
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Figure 4 The y.,T-T plots of 1 in the range of 20400 K during the cooling
and heating cycle of 400-2-400 K at a rate of 4 K/min.

The orbital diagrams for the LT and HT phases were fur-
ther calculated using ab initio ligand-field theory (AILFT)
(Figure S12). Due to the different coordination geometries,
the Co'" ions show different d-orbital splitting in the LT and
HT phases. In the HT phase, the splitting of the three
low-lying d-orbitals occurs at 372 and 3161 cm™. This can
be understood from the energy differences within the qua-
si-degenerate e orbital and b; orbital in a pseudo-square
pyramidal coordination environment. In the LT phase,
structural distortions cause additional changes in these split-
ting energies, which contribute differently to the magnetic
anisotropy of Co'" and result in a slight change in the mag-
netic properties.

Since the phase transition results in the change from a
centrosymmetric structure to a non-centrosymmetric one,
spontaneous polarization will appear in the LT phase.[>*3¢!
We calculated the dipole moment of the subunit
{Cox(TPY)(BPTC)} and obtained an approximate value of
3.54 Debye for the LT phase (Figure S13). The quenching
of the theoretical dipole moment from the LT to HT phase
suggests that the dynamic bond Co—O4 may act as a SHG
switch. Therefore, temperature variable SHG measurements
are performed on 1 from 90 to 320 K. As shown in Figure 5,
the SHG intensity gradually decreased upon heating reach-
ing about zero at 250 K, confirming the transition to a cen-
trosymmetric  structure (HT  phase) from  the
non-centrosymmetric LT phase. In addition, the disappear-
ance of the bright green spot at high temperatures further
confirms the emergence of inversion symmetry at the HT
phase (Figure 5b, inset).’”) Furthermore, the SHG intensity
switching can be manipulated repeatably as shown in Figure
S14.
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Figure 5 (a) The SHG signals of 1 at various temperature. (b) Variation of
the SHG intensity of 1 upon heating.

3 Conclusions

In conclusion, we demonstrate the temperature-induced
framework deformation of a flexible MOF, triggered by a
dynamic metal-carboxylate bond. The subtle structural
change alters the corresponding physical properties includ-
ing the magnetic and non-linear optical properties. Under-
standing the switching mechanism of this unique phase
transition process provides important insights into the de-
sign of framework materials that are capable of reversible
switching between different stable phases upon stimulation.
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A dynamic coordination bond in a flexible MOF drives the MOF to undergo a thermo-induced reversible phase transition.
During the transition, the metal ion Co" exhibits a coordination-mode switching between five- and six-fold and the frame-
work switches between a distorted polar framework and a regular nonpolar framework. Thus, the dynamic bond enables a
subtle change of the magnetic property and a substantial change of the nonlinear optical property of the MOF.



