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Solvent-Controlled Phase Transition of a Co"-Organic Framework:
From Achiral to Chiral and Two to Three Dimensions
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Mohamedally Kurmoo,**@ Roman Bo¢a,” Chun-Jiang Jia,”” Chen-Ho Tung,” and Di Sun*®

/Abstract: An unprecedented reversible dynamic transforma-
tion is reported in a metal-organic framework involving
bond formation, which is accompanied by two important
structural changes; achiral to chiral and two- to three-dimen-
sions. Using two bent organic ligands (diimpym =4,6-di(1H-
imidazol-1-yl)pyrimidine; H,npta=>5-nitroisophthalic acid)
and Co'(NO,),6H,0 the coordination polymer Co(diim-
pym)(npta)-CH;OH, (1-CH;O0H), was obtained solvothermally.
Its structure consists of knitted pairs of square layers (4*-sql
net) of five-coordinated Co and disordered methanol, and it
crystallized in the achiral Pbca space group at room temper-
ature. It undergoes a single crystal to single crystal (SC-SC)
transformation to a 3D interpenetrated framework (a-poloni-
um-type net, pcu) of six-coordinated Co and ordered metha-
nol in the chiral P2,2,2, space group below 220 K. Most un-
usual is the dynamic temperature-dependent shortening of
a Co-O connection from a non-bonded 2.640 A (298 K) to
a bonded 2.347 A distance (100 K) transforming the square
pyramidal cobalt polyhedron to a distorted octahedron. The

-

desolvated crystals (1) obtained at 480 K retain the full crys-\
tallinity and crystallize in the achiral Pbca space group be-
tween 100 and 298 K but the dynamic shortening of the
Co--0 distance connecting the layers into the 3D pcu frame-
work structure is observed. Following post-synthetic inser-
tion of ethanol (1:CH;CH,0OH) it does not exhibit the trans-
formation and retains the knitted 2D achiral Pbca structure
for all temperatures (100-298 K) and the ethanol is always
disordered. The structural analyses thus conclude that the
ordering of the methanol induces the chirality while the
available space controls the dynamic motion of the knitted
2D networks into the 3D interpenetrated framework. Conse-
quently, 1 selectively adsorbs CO, to N, and exhibits Type-lI
isotherms indicating dynamic motion of the 2D networks to
accommodate the CO, at 273 and 298 K in contrast to the ri-
gidity of the 3D framework at 77 K preventing N, from pen-
etrating the solid. The magnetic properties are also report-
ed.
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Introduction

Structural transformation from one crystalline phase to another
without change of content of the unit cell is common in solid-
state chemistry and the process is rather well understood ther-
modynamically." Transformations involving changes of con-
tent in a single crystal to single crystal (SC-SC) manner have
now been demonstrated in numerous cases both in situ and
ex situ.” In general, the transformation is not a thermody-
namic phase transition but a chemical process depending on
the chemical entities and their electronic properties. As such
the surface of the solid where the guests are incorporated is
the active part that is concerned and therefore very relevant
for catalytic reactions, storage of fuel gases, chromatographic
separation, and control alignment of optical active compo-
nents.® 7

The above mentioned transformations do not involve much
movement of the connected atoms which are governed by the
electronic characteristics of the atoms through covalent bonds
for the organic moiety, coordination bonds around the metal
centers, and weak supramolecular interactions are usually in-
volved in the framework stability. The evolution from a very
weak coordinate bond interaction to a much stronger coordi-
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nate bond with retention of single crystal character is, to our
knowledge, rare. Here, we present such a case in a coordination
polymer, Co(diimpym)(npta)-CH;OH (1-CH;OH), obtained solvo-
thermally using 4,6-di(1H-imidazol-1-yl)pyrimidine (diimpym),
5-nitroisophthalic acid (H,npta) and Co"(NOs),-6 H,0. It consists
of knitted square corrugated layers (4*-sql net) of five-coordi-
nated Co atoms and disordered methanol above 240 K. Below
240K it is transformed into a 3D interpenetrated framework
(0-polonium-type net, pcu) of six-coordinated Co and ordered
methanol. The temperature dependent dynamic formation of
a Co-0 bond between the monomeric pyramidal Co (Co--O=
2.640 A at 298 K) to a dimeric octahedral Co (Co--0=2.347 A
at 100 K) is responsible for the structural transformation.

Given the very rare occurrence of crystals displaying achiral
to chiral transformation from purely non-optically active com-
ponents, the present case represents a unique case where the
ordering of the methanol induces a reversible space group
change from achiral Pbca above 240 K to chiral P2,2,2, below,
without major changes of the lattice parameters. The desolvat-
ed form (1) that retains its crystallinity after removal of the
methanol at 480 K, exhibits a 2D to 3D transformation as for
1-CH;OH but it retains the achiral Pbca structure. Following re-
solvation with ethanol, the 1-CH;CH,OH crystals retain the 2D
structure without transformation, space group change, and or-
dering of the ethanol.

These unique characteristics form the content of the present
work through a thorough study of the single crystal to single
crystal transformation in the temperature range 100 to 480 K.
The different phases have been further characterized using
TGA, IR, DSC, and diffuse reflectance UV/Vis spectroscopy. In
addition we explore the selective gas sorption characteristics
and their magnetic properties.

Results and Discussion

Crystal structure of [Co(diimpym)(npta)-CH;OH], (1-CH;OH)
at 298 K

The crystal structure of 1-CH;OH at 298 K adopts the ortho-
rhombic centrosymmetric Pbca space group. The asymmetric
unit contains one Co, one diimpym, one npta, and one disor-
dered methanol molecule. The two organic ligands act as di-
topic bridges through the peripheral nitrogen atoms of diim-
pym and the monodentate carboxylate oxygen atoms of npta.
The central Co adopts a distorted square-pyramidal geometry
(ts=0.32)"" with three O atoms from two npta and two N
atoms from two diimpym (Co1-N=2.035(3) and 2.084(3) A;
Co1—-0=1.986(2), 2.102(2), and 2.267(2) A) (Figure 1a). The N1,
01, 03, and 04 build the basal square plane and the vertex
position is occupied by N6. Another symmetry related O1%
(—x+2, —y+1, —z+1) is trans to N6 but at a distance
Co1-01" of 2.640(2) A, which is extremely long to be consid-
ered as a coordination bond. A Co"-0 bond length distribution
analysis based on a CSD (Cambridge Structure Database)
survey (Figure S1 in Supporting Information)' found >99%
of Co—O distances fall between 1.8 and 2.3 A, with only 5 ex-
amples longer than 2.4 A. The diimpym has four potential co-
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Figure 1. (a) The square-pyramidal coordination environment of Co" in a pair
of adjacent units of 1-CH;OH at 298 K with long Co1--01" and Co--Co dis-
tances highlighted by black and purple dashed lines, respectively. Two sepa-
rate nets are shown in depth cueing mode. (b) One 2D 4*-sql network.

(c) Two knitted 4*-sql networks.

ordination sites but it only uses two Ni,i.0e to bridge Co
atoms into a zig-zag [Co(diimpym)], chain running along the c-
axis. The two carboxylate groups of npta adopt u,-k':x' and
w-k':k° coordination modes to extend the 1D zig-zag [Co(diim-
pym)], chain into a 2D corrugated sheet (Figure 1b), which
could be simplified to a 4*sql network with the size of rectan-
gular window being 12.87 x 10.09 A. Because of the large
window sizes, two sheets are knitted with each other to form
a 2D network (Figure 1¢).

Crystal structure of [Co(diimpym)(npta)-CH;OH], (1-CH;0H)
at 100 K

In contrast, the crystal structure of 1-CH;OH at 100 K adopts
the orthorhombic chiral P2,2,2, space group. The asymmetric
unit is now doubled with two Co atoms, two diimpym and
two ordered methanol molecules. The Co" now has an addi-
tional coordination resulting in an octahedral geometry (three
O and three N atoms). In this octahedral environment, there
are two moderately long coordination bonds, Co1-O1"
(2.395(33) A) and Co2-010" (2.347(3) &), indicating the Jahn-
Teller effect. The coordination mode of diimpym is unaltered
but the npta takes a p,-k':k':x?:x° mode, which binds Co1 and
Co2 to form a binuclear secondary build unit (SBU). The ex-
tended mixed bridges connect the binuclear Co SBU to form
a 3D framework (Figure 2b) consisting of two interpenetrated
frameworks (Figure 2c). The methanol molecules are now or-
dered and this is the reason for the lowering of symmetry and
inducing the chirality. Considering the binuclear Co SBU as the
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Figure 2. (a) The distorted octahedral coordination environment of Cco"in

a pair of adjacent units of 1-CH;0H at 100 K with shortened Co--Co distan-
ces highlighted by purple dashed lines. (b) A 3D pcu network. (c) The 2-fold
interpenetrated pcu networks (networks individually colored). Symmetry
codes: () x—1,y, z; (i) —x+1,y—=1/2, —z+3/2; (i) x, y, z+1; (V) x+1, ¥, z;
(V) =x+2, y+1/2, —z+3/2.

node and the ligand as 2-connected linker, the 3D framework
could be simplified to a 6-connected pcu topology (Figure 2¢)
with a point symbol of {4'2.6%. The 2-fold interpenetration be-
longs to Class lla; related to the crystallographic 2, axis. In the
whole view, the 3D structure of 1-CH;0H at 100 K can be seen
transformed from the addition of one new Co—O coordination
bond between two pristine knitted corrugated layers at 298 K.

Temperature-induced phase transition for 1-CH;OH

The crystal structures of 1-CH;OH at 280, 260, and 240 K, all in
Pbca space group (Table S1 in Supporting Information), were
found to be very similar to that at 298 K except for the slight
contraction of the lattice and small changes in bond distances.
The Co1--01" and Col-Col1" distances decrease noticeably
from 2.640(2) and 3.6623(10)A at 298K to 2.500(5) and
3.5463(19) A at 240K, respectively (Figure3 and Table S7).
Upon further cooling from 240 to 220 K the lattice changes
space group from centrosymmetric Pbca (Point group: mmm)
to chiral P2,2,2, (Point group: 222) while the lattice parameters
a, b, and ¢ do not change significantly during the phase transi-
tion. However, the composition of the asymmetric unit is dou-
bled and the lattice methanol molecules become ordered
below 220K. The Col1-O1" and Co2-01¥ distances (corre-
sponding to Co1--O1" above 240 K) gradually shortened from
2.501(4) and 2.442(3) A to 2.395(3) and 2.347(3) A from 220 to
100 K. The shortened interatomic distances indicated the for-
mation of a new coordination bond, which transforms the
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Figure 3. The temperature dependence of the bond distances: Co1-01
(blue and red symbols) and the average Co—N (purple) and Co—O (green)
bond lengths

single Co SBU to a binuclear Co SBU accompanying the
change of the linkage mode of the ntpa ligand from p,-
k' to e ik?:k° (Figure 4a and b). Consequently, the
structure evolved from a knitted 4*sql layered network to
a 3D 2-fold interpenetrated pcu framework.

The transformation involving the network dimensionality
and space group changes can be mainly attributed to the dy-
namic formation of an additional Co—O coordination bond and
the order-to-disorder of the methanol molecules in the lattice.
It is a lesson to be learnt that it may be useful to determine
the structure at low temperatures because certain details may
be overlooked even though the unit-cell parameters often do
not change dramatically, such as in this case.

Thermogravimetric analysis (Figure S2) indicates that the lat-
tice CH;OH molecules are completely lost by 453 K (obs.
6.08%; calc. 6.25%) and the framework of 1 is stable up to
635 K. When crystals of 1-CH;OH were heated at 480 K for 30
minutes, then subjected to X-ray diffraction, the crystallinity
and structure of the desolvated 1 was as good as that of
1-CH;0H, confirming [Co(diimpym)(npta)], undergoes a SC-SC
transformation. One selected crystal was also examined by
hot-stage microscopy and its morphology was monitored
during heating from room temperature to 723 K. We found the
morphology was kept intact even at 673K, which also support-
ed its high stability at high temperature (Figure S3). The struc-
ture of 1 adopts the same space group (Pbca) and overall con-
nectivity of the network as that of 1-CH;OH at 298 K. The ab-
sence of the methanol generates channels of similar geometry
and dimensions (Figure 4c). Even though 1-CH;OH and 1 are
2D networks at high temperature, it is indeed surprising that
the structure is stable to the removal of methanol. Often low
dimensional porous MOFs lose their crystallinity after guest re-
moval at high temperatures, unlike the SC-SC transformation
of 1:CH;OH.

Selective guest inclusion and phase switching process

Because of the permanent porosity of 1, found by single-crys-
tal diffraction analyses, we studied the inclusion behaviors of
1 toward different guest molecules: H,O, CH;OH, CH;CN,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Representation of the reversible transformation of 1-CH;OH from
(a) knitted 4*-sql network at 298 K to (b) 3D 2-fold interpenetrated pcu
framework at 100 K. The characteristic Co—O non-bonding or bonding was
highlighted above and below the arrows. (c) The desolvated phase 1 pro-
duced by heating at 480 K and (d) the 3D interpenetrated structure of

1 formed by cooling to 100 K. (e) The ethanol inclusion induced SC-SC trans-
formation from desolvated phase 1 with no noticeable structural changes
observed when cooling to 100 K (f).

C,H;OH, n-propanol, iso-propanol, n-butanol, and glycol, at
room temperature. When immersing crystals of 1 into H,0,

CHEMISTRY

A European Journal

Full Paper

CH;O0H, n-propanol, iso-propanol, n-butanol, and glycol their
appearance and crystal habits were maintained in contrast to
the breaking of the rod-like crystals into small pieces when im-
mersed in CH;CN and C,H,OH. In the case of C,H;OH the
broken crystals still diffract and their structure was determined
at 298 and 100 K. It revealed the same knitted 2D layers (space
group Pbca) as for 1-CH;0H at 298 K, with a disordered etha-
nol molecule at both temperatures. The transformation to the
3D 2-fold interpenetrated pcu framework (as found for
1-CH;OH at 100 K) is prevented by the steric effect of the large
ethanol and its disordered state (Figure 4d). Although the
CH;CH,OH molecules in the channels are still disordered at
100 K the anisotropic displacement parameters are lowered
with respect to those at 298 K. This finding demonstrates that
the dynamics can be controlled by the available space.

When crystals of 1-CH;OH are heated at 480 K the methanol
molecules are released to form 1. Its structure after cooling to
100 K at a rate of 5Kmin~' adopts the P2,2,2, space group
(Table 1) with the 3D 2-fold interpenetrated pcu framework. A
summary of the space group and network dimensionality as
well as schematic graphics are given in Table 2. By comparing
the coordination networks of 1-CH;OH, 1, and 1-CH,CH,OH
and the guest molecule status, we found the change of space
group is driven by the order-to-disorder transformation of
methanol molecules within the channels, while the presence
of free space allows for dynamic motion of the adjacent 2D
knitted networks to connect into the 3D interpenetrated
framework. Thus, the existence of a temperature-dependent
order-to-disorder transformation of solvents alters the crystallo-
graphic symmetry, changing the space group to a chiral one.

Magnetic properties of 1, 1-CH;0OH, and 1-CH,CH,OH

The magnetic data were measured using powder samples on
a SQUID-MPMS3 magnetometer (Quantum Design). The sus-
ceptibility data (1 kOe) were corrected for the underlying dia-
magnetism. The temperature dependence of the effective
magnetic moment, and the field dependence of the magneti-
zation per formula unit are presented in Figure 5 for 1 and Fig-

Table 1. Summary of crystallographic data for 1-CH;OH, 1, and 1-CH;CH,OH at 100 and 298 K.
Compound 1-CH;OH 1 1-CH,CH,OH
T [K] 100 298 100 298 100 298
crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
space group P2,2,2, Pbca Pbca Pbca Pbca Pbca
alAl 10.0389(16) 10.088(2) 10.1365(11) 10.1211(11) 10.087(3) 10.093(6)
b [A] 19.730(3) 19.229(4) 19.047(2) 19.240(2) 19.268(6) 19.074(12)
c A 20.131(3) 20.815(4) 20.586(2) 20.891(2) 20.930(6) 21.537(13)
VA% 3987.3(11) 4037.7(15) 3974.5(7) 4068.2(7) 4068(2) 4146(4)
reflections collected 19070 18076 18806 24437 13007 11118
independent reflections 8798 4627 3495 3562 3544 3628
Rint 0.0518 0.1543 0.0254 0.0571 0.0867 0.1606
data/parameters 8798/616 4627/301 3495/289 3562/289 3544/0/325 3628/3/306
GOF 0.993 0.795 1.032 1.090 1.038 1.023
Ry [I>20 (N 0.0472 0.0458 0.0272 0.0545 0.0537, 0.0931
wR, [1>20 (]9 0.0926 0.0988 0.0772 0.1482 0.1171 0.1891
[l Ry =Z| |Fo| —|Fc| |/ Z|F,|, wR, = [EW(F>—FA4/Zw(F )42
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Table 2. Summary of space group and network phase transition.
1-CH;0H 1 1-CH;CH,OH

temperature [K] 298 100 298 100 298 100
space group Pbca P2,2,2, Pbca Pbca Pbca Pbca
dimensionality 20" 3D¥ 2D 3p® 2D 2D
structural node monomer dimer monomer dimer monomer monomer
solvent molecule disordered ordered N/A N/A disordered disordered

e g . —
schematic representation of the phase transition Vi 1 i t! T I
[a] Knitted 4*-sql network; [b] 2-fold interpenetrated pcu framework.
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Figure 5. DC magnetic data for 1: (left) temperature dependence of the ef-
fective magnetic moment per cobalt ion (inset: temperature dependence of
the molar magnetic susceptibility); (right) field dependence of the magneti-
zation (Blue solid lines are fits; see text for details).

ures S6-S7 in Supporting Information for 1-CH;OH and
1-CH;CH,OH.

The effective magnetic moment at the room temperature is
Uer=4.90 ug which is within the experimentally observed
range for Co" complexes. On cooling, the effective magnetic
moment is almost constant down to T =100 K. Below this tem-
perature a gradual decrease is registered that is caused by
a considerable single ion anisotropy measured by the axial
zero-field splitting parameter D. Below 20 K, however, an in-
crease of u. is registered due the exchange coupling of a ferro-
magnetic nature. The magnetization per cobalt ion deviates
from the hypothetical limit of M,/N,=3.0 us for S=3/2 cen-
ters with g=2.0 and at T=1.8K it shows a value of only
2.35 ug. This is a fingerprint of a sizable zero-field splitting.
There is no anomaly that can be associated with the phase
transitions suggesting the interaction between nearest neigh-
bor cobalt is weak.

The crystal structure of the system under study is too com-
plex in order to apply a complete model for exchange cou-
pling incorporating a single-ion anisotropy. The magnetic data
was therefore fitted using a model of the exchange-coupled
pair with zero-field splitting (see Supporting Information). The

fitting procedure converged to the following set of magnetic
parameters for 1: J/hc=1.44cm™', g,,=2.62, D/hc=833 cm™".
These values span ranges typical for hexacoordinate Co" com-
plexes.” The magnetic data for 1-CH;OH and 1-CH;CH,OH ex-
hibit a similar behavior to 1. Thus the incorporation of the sol-
vent molecules into the crystal lattice does not alter the overall
magnetic behavior, although the solvents are involved in the
phase transition. There is no noticeable change in the magneti-
zation at the structural transition.

Selective gas sorption

When the methanol in 1-CH;O0H is removed, channels of 1 are
generated by the interconnection of irregular cavities running
along the g-axis. The 1D channel has a trigonal window with
maximum radius of 1.70 A, that is, a maximum diameter of
3.40 A. The total solvent-accessible volume of 12.0% is estimat-
ed using PLATON. The robust porous network of 1 and the ex-
posed Lewis basic sites at the pyrimidyl group encouraged us
to study the gas adsorption and separation properties toward
CO, and N.. Initially, the methanol of 1-CH;OH is removed at
393 K under the high vacuum for 2 h to get 1. The variable
temperature PXRD patterns matched well with those simulated
from X-ray data, again confirming that 1 has almost identical
structure as that of the host framework of 1-CH;0H (Figure S8
in Supporting Information). The sorption isotherms for N, and
CO, are shown in Figure 6a. The isotherms for CO, behave as
reversible Type-lll, suggesting the retention of the microporous
structure after removal of the guest molecules. At 77 K, negligi-
ble N, sorption was observed; whereas the adsorption curve
for CO, shows a rapid increase with pressure and reaches the
maximum uptake capacities of 34.3 and 189 cm?*qg™' at 273
and 295 K, respectively. These results demonstrate the selective
adsorption of CO, over N,, although the CO, uptake capacities
are inferior to some reported materials."” It is also noteworthy
that the CO, adsorption-desorption cycle at 273 K exhibits hys-
teresis, which could be associated with interaction of CO, with
the network (see above). In order to obtain more insight into
the interaction of the adsorbate with the network, the isosteric
heat (Q,) of CO, was calculated by fitting the CO, adsorption
isotherms at 273 and 295K and has the estimated value of
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Figure 6. (a) CO, (273 and 298 K) and N, (77 K) adsorption capacity for 1.
(b) The Q,; of 1 for CO,.

36 kJmol™', which suggests moderate interactions (Fig-
ure 6b)."™™ However, the enthalpy of adsorption is smaller than
that observed in typical chemical adsorption. Thus, the interac-
tion within 1 is primarily a physical adsorption in nature. On
the basis of the obtained results, we reasoned that the selec-
tive adsorption behavior of 1 should be assigned to i) the pres-
ence of the exposed pyrimidyl moieties and ii) the accessibility
of electron rich organic ligands, which creates the a polar pore
wall that preferentially adsorbs CO, because of its high quadru-
pole moment and polarizability."®

Conclusion

In summary, two very unique unprecedented characteristics of
the present metal-organic framework have been evidenced in
this study. One is the phenomenal dynamic transformation of
knitted square layers into a three-dimensional framework in-
duced by an unusual coordinate bond shortening between
neighboring monomeric (Co--0=2.640 A) units to dimers
(Co--0=2.347 R). This happens without any abrupt change to
the lattice parameters and powder X-Ray diffraction patterns.
The second is the ordering of methanol solvent inducing
a change of space group from achiral Pbca at high tempera-
ture to chiral P2,2,2, at low temperature. While removal of the
methanol results in the retention of the achiral space group
Pbca between 100 and 480K, its replacement by the larger
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ethanol prevents the motion of the two dimensional knitted
layers. The results warn us to be more cautious with conclud-
ing no change to structure when the lattice parameters and
PXRD are retained. A Type-lll CO, adsorption isotherm is ob-
served at 298 K and N, is not incorporated in the pores at
77 K, suggesting motion of the knitted layers to accommodate
the CO, while the 3D framework is too rigid, preventing N,
sorption. Such dynamic structural motion can be very useful in
chromatography and separation by accommodating molecules
larger than available pore sizes. The material can be also used
to adsorb gases at high temperature and to release them by
cooling due to the bond formation induced by contraction.
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