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Metal-organic frameworks displaying single
crystal-to-single crystal transformation through
postsynthetic uptake of metal clusters†

Jia Li, Peng Huang, Xue-Ru Wu, Jun Tao,* Rong-Bin Huang and Lan-Sun Zheng

Threemetal-organic frameworks (MOFs) formulatedas [Co3O(BTB)2(H2O)x(DMF)y]$zDMF$nH2O (BTB¼1,3,5-

benzenetribenzoate;1a, x¼ y¼1,z¼7.5,n¼12;1b, x¼2,y¼0,z¼8.5,n¼8;1c, x¼2,y¼1,z¼7,n¼8)have

been synthesized under different temperatures; they crystallize as two-fold interpenetrated analogous

structures with the same structural trinuclear Co3O(CO2)6 secondary building units (SBUs), and their

stabilities depend on the temperature under which they formed. Upon immersion in the filtrate of 1a (namely

1a-s, freshly filtered) or 1b (namely 1b-s, filtered and then activated in air for three days), single crystal-to-

single crystal (SCSC) transformations of 1a–1c to a new MOF, formulated as [Co6O2(OH)4(BTB)8/3(H2O)4]$

14DMF$4EtOH$2H2O (2), occur along with dramatic color change from blue purple to red. Crystallographic

studies reveal that the new MOF is also two-fold interpenetrated but is constructed with hexanuclear

Co6O2(CO2)8 SBUs. This SCSC transformation from 1a–1c to 2 can take place only in 1a-s or 1b-s but not in 1c-s

and is accompanied with an increase of metal-to-ligand ratio. ESI-MS studies unveil the formation of free

{Co3O} units in situ formed only in 1a-s and 1b-s, and evidence that the SCSC transformation involves a

postsynthetic uptake of free metal clusters, {Co3O}. On the other hand, the SCSC transformation speed

decreases from 1a to 1c, which is determined by the chelate carboxylate groups undergoing cleavage of

metal-carboxylate bonds during the SCSC transformation and the shape of the 1D channels affecting the

diffusion of free metal clusters. Furthermore, the resulting MOF (2) can maintain its crystallinity upon

activation and adsorbs iodine up to 38 wt%. Combined with the significant SCSC transformation through

postsynthetic uptake of free metal clusters and the resulting MOF capable of adsorbing iodine, the

present approach not only provides a true route to construct SBUs-based MOF materials with pre-existing

“real” SBUs but also represent a new type of SCSC transformation in the field of MOFs that is able to

efficiently tune structures and physicochemical properties of MOFs in the solid states.
Introduction

Metal-organic frameworks have attracted much interest in the
last decade due to their promising applications for gas storage/
separation,1 catalysis,2 luminescence,3 drug delivery,4 sensors5

and magnetic materials.6 From the structural point of view, the
successful construction of MOFs usually depends on the
rational selection of polytopic ligands, metal ions or secondary
building units (SBUs) as well as reaction conditions. Through
extensive studies in recent years, thousands of MOFs with
desired and various topological structures have been synthe-
sized, in which the targeted SBUs are proven to be crucial
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because they usually act as structure-directing entities.
Currently, three typical metal clusters M2(O2CR)4L2 (M ¼ Cu,
Zn; L¼ terminal ligand),7 Zn4O(O2CR)6,8 andM3(m3-O)(O2CR)6L3
(M ¼ Cr, Fe, Ni, Co)9,10 have been widely utilized as square,
octahedral and trigonal prismatic SBUs, respectively, which are
connected through polytopic linkers to produce various MOFs.
However, dening these SBUs in fact stems from a decon-
structing demand, it is still unclear whether these SBUs, in
particular their core structures such as {Co3(m3-O)}, can form
solely before constructing MOFs.

On theotherhand, among theknownMOFs somecanundergo
single-crystal to single-crystal (SCSC) transformations,11–15 and the
driving forces for SCSC transformation vary from heat,11 light,12

redox reactions,13 sorption/desorption or rearrangement of guest
molecules14,15 to postsynthetic modication (PSM).16 Through
SCSC transformations, new MOFs that can not be formed under
conventional conditions may be easily obtained in high yield.
However, an SCSC transformation of MOFs is still difficult to
achieve, partly because SCSC transformation in the solid state can
barely realize regarding to the cleavage and formation of bonds
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Perspective view of the interpenetrated 3D frameworks (a–c) and topo-
logical structure (d) of 1a–1c.
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simultaneously occurred in more than one direction, and/or
hardly retains crystallinity aer the solid-state rearrangement of
atoms. Fortunately, postsynthetic methods may satisfy these
requirements16 even though in some cases the transformation is
incomplete.17Postsyntheticmethods are developed tomodify and
functionalize the chemical and physical properties of MOFs and
certainly their structures. They are particularly attractive for a
couple of advantages, for example, to overcome the limitation of
achieving multifunctional MOFs by direct synthesis from sol-
vothermal methods commonly used to prepare MOFs and to
engender both the interior and exterior of MOFs materials with
new properties by selective metal or ligand addition/exchange
and/or organic transformations or reactions. Strictly speaking,
PSM precludes the noncovalent/noncoordinate postsynthetic
transformations and thus can be divided into ve areas: (a)
additionofmetal ions to free ligandsitesor ligands tounsaturated
metal sites, (b)metal-ion or ligand exchange, (c) covalent PSM, (d)
dative PSM, and (e) postsynthetic deprotection.16 In these cases,
the core structures of SBUs inMOFs almost remain unaltered and
therefore the MOFs' frameworks change little.

Besides, searching new applications for MOFs is a consecu-
tive task, which has seen the advances in iodine sorption by
MOFs. The use of MOFs for iodine sorption is rstly motivated
by the capturing, enrichment and sequestering of the volatile
radioactive iodine produced in nuclear energy enterprises; for
this purpose, some MOFs have been tested for their capabilities
for capturing iodine in solution and low-pressure vapor,18

among which activated ZIF-8 (ref. 18a) shows highly efficient
sorption of iodine (120 wt% I2) and pressure amorphization-
enhanced iodine retention and storage. Another motivation is
based on the particular chemistry of iodine, to form polyiodides
upon sorption,19 which therefore engender MOFs with new
properties such as conductivity and nonlinear optical activity.20

Iodine sorption can also carry out dative PSM of MOFs, in a
particular case, an oxidative addition reaction involving elec-
tron transfer from PtII ions to iodine molecules and cleavage of
the molecular iodine bond undergoes within a spin-crossover
MOF {Fe(pz)[PtII(CN)4]}21 when iodine molecules diffuse into
the pores, and resulting in the formation of iodine adduct
{Fe(pz)[PtII/IV(CN)4(I)]} with Pt–I bonds. This modication has
precisely controlled and consecutively modulated the spin
transition temperature of this spin-crossover MOF.

In this paper, we report three two-fold interpenetrated 3D
MOFs, 1a–1c, based on oxo-centered trinuclear Co3O(CO2)6
SBUs, which undergo SCSC transformation in the ltrate of 1a or
1b to give a new two-fold interpenetrated 3D MOF 2 with hex-
anuclear Co6O2(CO2)8 SBUs. This transformation is unexpect-
edly realized through postsynthetic uptake of free Co3O units in
solution, and resulting in an expansion of SBUs from trinuclear
to hexanuclear and an increase of metal-to-ligand ratio. Unlike
1a–1c that lose crystallinity upon activation, the resultingMOF 2
canmaintain its crystallinity upon activation and adsorbs iodine
up to 38 wt%. The present approach not only provides a true
route to construct SBU-based MOF materials with pre-existing
“real” SBUs but also represents new type of SCSC transformation
and PSM that are able to efficiently tune structures and physi-
cochemical properties of MOFs in the solid states.
This journal is ª The Royal Society of Chemistry 2013
Results and discussion
Structural characterization

Single-crystal X-ray diffraction studies revealed that 1a–1c crys-
tallized in theorthorhombic spacegroupPnma, having2-foldself-
interpenetrated 3D frameworks based on Co3O(CO2)6 SBUs,
which show slight differences among 1a–1c (Fig. S1–S3, ESI†).
Besides the m3-O

2� ion and carboxylate groups, Co1 is bridged to
its symmetry-related one by a water molecule in 1a or 1b, while
which in 1c are terminally coordinated by water molecules, the
coordination sphere of Co2 is completed byDMF,water andDMF
molecule in 1a, 1b and 1c, respectively. Therefore, complexes 1a–
1c are slightly different in the framework compositions, giving
formulae of [CoIII2Co

II(m3-O)(DMF)(H2O)(BTB)2]$(DMF)7.5(H2O)12
(1a), [CoIII2Co

II(m3-O)(H2O)2(BTB)2]$(DMF)8.5(H2O)8 (1b), and
[CoIII2Co

II(m3-O)(DMF)(H2O)2(BTB)2]$(DMF)7(H2O)8 (1c), respec-
tively, where the amounts of guest solvent molecules are
determined by considering the elemental analysis and thermo-
gravimetric results (ESI†). In 1a–1c, the 3D frameworks are self-
interpenetrated and exhibit 1D channels running along the a axis
(Fig. 1a–c), the trigonal prismaticCo3O(CO2)6 SBUs are connected
to each other via the triangular BTB skeletons to yield (3,6)-con-
nected frameworks (Fig. 1d). Unfortunately, we cannot determine
the crystal structures of 1a and1b at higher temperatures because
of their poor stability. But interestingly, 1c shows thermo-
chromism and temperature-induced transformations between
100 and 290 K, which are similar to the breathingmaterials MIL-
47 and MOF-39.26 As the temperature increases, the space group
remains unaltered while the shapes of the 1D channels change
from diamond to square (Table 1).

Complex 2, [Co6O2(OH)4(BTB)8/3(H2O)4]$14DMF$4EtOH$2H2O,
crystallizes in the cubic space group Im�3 and is also 2-fold self
interpenetrated (Fig. 2a). The framework is based on new SBUs,
Co6O2(CO2)8, which can be viewed as double Co3O(CO2)4 enti-
ties bridged by hydroxyl groups (Fig. S4, ESI†). Each cuboidal
Chem. Sci., 2013, 4, 3232–3238 | 3233
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Co6 SBU connects eight trigonal BTB ligands, and each BTB
ligand in turn connects three Co6 SBUs, thus forming a (3,8)-
connected 3D framework (Fig. 2b).22 Although, being 2-fold self
interpenetrated, all complexes are highly porous, the accessible
volumes are 60.4%, 60.3%, 58.6% and 61.2% per unit cell for 1a,
1b, 1c and 2, respectively, as calculated using PLATON.23
Fig. 2 Perspective view of the self-interpenetrated 3D framework (a) and
topological structure (b) of 2.
SCSC transformation

The reaction of H3BTB with cobalt(II) salts in DMF-EtOH under
various temperature generated purple single crystals of 1a
(room temperature), 1b (40 and then 90 �C) and 1c (70 and then
110 �C), leaving solutions 1a-s, 1b-s and 1c-s aer ltration,
respectively. All crystals (1a–1c) showed no differences in
morphology, color and transparency, their space groups were
also the same but the unit-cell volumes decreased from 1a to 1c
by �3% (Table S1, ESI†). The main difference lies in their
sensitivity to air; 1a cracked soon aer leaving themother liquor
while 1b was more stable than 1a, and 1c was the most stable
one. Unexpectedly, when as-synthesized 1a crystals (Fig. 3a)
were immersed again in fresh ltrate 1a-s, the SCSC trans-
formation began to occur and they completely converted into
Table 1 Temperature-dependent crystallographic data of 1c

1c

T/K

100 120

Cryst. syst.
Space group

a/Å 17.4883(6) 17.4474(3)
b/Å 27.5596(19) 27.5264(10)
c/Å 18.8181(15) 18.8060(9)
V/Å 9069.8(10) 9031.8(6)

R1/wR2 0.0884/0.2584 0.0774/0.2108

T/K

200 230

Cryst. syst.
Space group

a/Å 17.4516(4) 17.4940(4)
b/Å 27.5162(13) 27.0815(9)
c/Å 19.0369(19) 19.6022(7)
V/Å 9141.6(10) 9286.8(5)

R1/wR2 0.1081/0.3083 0.0676/0.2067

3234 | Chem. Sci., 2013, 4, 3232–3238
new crystals of 2 (Fig. 3b) in two months, accompanied by color
changes for both crystals and solution (Fig. 3c), while the
crushed 1a crystals immersed in fresh ltrate 1a-s completed
the SCSC transformation within only one week, the complete-
ness was conrmed by PXRD (Fig. S5–S6, ESI†). The complete
transformation from crashed 1b or 1c crystals to 2 crystals in
fresh ltrate 1a-s needed longer time, i.e. �three weeks for 1b
140 160 180

Orthorhombic
Pnma

17.4730(6) 17.4692(6) 17.4280(4)
27.5347(17) 27.5594(16) 27.5847(11)
18.8196(15) 18.8257(15) 18.8087(13)
9054.4(10) 9063.5(9) 9042.2(8)

0.0904/0.2671 0.0901/0.2584 0.0872/0.2410

250 270 290

Orthorhombic
Pnma

17.4362(12) 17.426(2) 17.2514(19)
25.136(2) 25.294(6) 24.999(7)
22.475(2) 21.889(4) 21.297(5)
9850.3(14) 9648.0(3) 9185(4)

0.0840/0.2052 0.0986/0.2288 0.0942/0.2234

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Morphology of crystals 1a (a) and 2 (b), and the transformation process
showing color changes (c).

Fig. 4 ESI-MS measurements of 1a-s (a), the simulated isotropic distribution of
m/z ¼ 262.0 for [CoIII2Co

II(m3-O)(OH)4(DMF)2(EtOH)(H2O)4]
2+ (a, inset), the

tandem mass spectrometry of m/z ¼ 261.1 (b), the fresh filtrate 1b-s (c) and that
opened in air for three days (d), 1c-s opened in air for seven days (e) and DMF/
EtOH mixture for comparison (f).

Fig. 5 The transformation of SBUs from 1a–1c to 2 involving the cleavage and
formation of Co–O bonds induced by uptake of free 32+ cluster.

Fig. 6 PXRD patterns of 2 and its activated products.

Fig. 7 The crystalline products of 20 (a), 20 0 (b) and 20 0 0 (c), adsorption of I2 in
1.5 mL cyclohexane solution (0.5 mg I2) by the same amount of 20and 20 0 (10 mg
of each) within 36 h, (d) 1: blank, 2: 20 , 3: 20 0), and adsorption of I2 by 20 in
cyclohexane (0.5 mg I2/1.5 mL) within 3 days with sample weight of 0, 2, 3, 5, 7,
10 and 15 mg, respectively, from left to right (e).

Fig. 8 Gravimetric uptake of iodine by activated 2 as a function of time at 30 �C.
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and more than two months for 1c, respectively. Interestingly, by
immersing crushed 1a, 1b or 1c crystals in fresh ltrate 1b-s, the
transformation could not take place, instead it could occur in
the 1b-s that had been opened in air for at least 3 days. While no
transformation had been found by immersing crushed 1a, 1b or
1c crystals in 1c-s, whatever it was fresh ltrate or not.

By careful analysis of the SCSC transformation process, two
specic points can be summarized: (1) crystals 1a–1c are all
able to undergo transformation, but with transformation speed
1a > 1b > 1c; and (2) the transformation takes place only in the
This journal is ª The Royal Society of Chemistry 2013
solution 1a-s or 1b-s (having been opened in air for several
days). From the structural point of view, 1a–1c possess similar
framework structures and SBUs, in which a common feature is
Chem. Sci., 2013, 4, 3232–3238 | 3235
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Fig. 9 UV-visible spectra of 20 and 20 0 (a) and iodine-doped 20 and 20 0 (b) in the
reflectance mode in the solid states, respectively.
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that the coordination bonds involving the chelating carboxylate
groups (Co1–O1 and Co1–O2 in Fig. S1–S3 and Table S2, ESI†)
break during SCSC transformation, thus 1a–1c show similar
SCSC transformation behavior. However, the O1–Co1–O2 bond
angles for 1a, 1b and 1c are 57.4(3), 58.7(3) and 59.3(1)�,
respectively, which indicate that the tension of the chelate
carboxylate group follows the sequence 1a > 1b > 1c, in accord
with the transformation speed. This result also conrms that
solvothermal synthesis at higher temperature brings about a
more stable product. On the other hand, the dimensions of the
1D channels (Fig. 1a–c), assumed to be b � c, for 1a–1c at 173 K
are 25.629(5) � 20.800(4) Å2, 25.347(2) � 20.880(2) Å2, 27.758(6)
� 18.762(4) Å2, respectively. The narrow 1D channel, e.g. 1c,
restricts the free diffusion of metal clusters (see below) into the
channel, which undeniably inuences the diffusion-deter-
mining transformation speed. Therefore, the speed of trans-
formation is probably controlled by both the tension of
chelating carboxylato groups and the shape of the 1D channels.

In order to elucidate the second point, one should note that
the transformation from 1a–1c to 2 involves an increase of
metal-to-ligand ratio. However, immersing crushed 1a–1c crys-
tals in either DMF–EtOH solution of CoCl2 or pure DMF–EtOH
showed no transformation, which means that the trans-
formation is not induced by the uptake of free metal ions or loss
of BTB ligands. On the other hand, the transformation could
take place in 1a-s (fresh ltrate) or 1b-s (having been placed in
air for several days), but could not in 1c-s. So there must be
3236 | Chem. Sci., 2013, 4, 3232–3238
something different among the three solutions. Electrospray
ionization mass spectrometry (ESI-MS) studies revealed that
1a-s (fresh ltrate) and 1b-s (opened in air for three days) con-
tained a common peak of m/z ¼ 261.1 (Fig. 4a and d), while
fresh ltrate 1b-s and 1c-s did not (Fig. 4c and e). Recalling that
the structural units have been expanded from Co3O in 1a–1c to
Co6O2 in 2, this peak is most probably corresponding to the
[CoIII2Co

II(m3-O)(OH)4(DMF)2(EtOH)(H2O)4]
2+ species (32+,m/z¼

262.0). The simulated isotropic distribution (Fig. 4a, inset)
based on this formula is in line with the experimental data,
the tandem mass spectrometry24 of this peak (Fig. 4b) shows
ve peaks (m/z) at 188.1, 203.0, 213.9, 243.0 and 262.0,
which correspond to [CoIII2Co

II(m3-O)(OH)4(EtOH)(H2O)4]
2+

(m/z ¼ 188.9), [CoIII2Co
II(m3-O)(OH)4(DMF)(H2O)4]

2+ (m/z ¼
203.0), [CoIII2Co

II(m3-O)(OH)4(DMF)2(H2O)]
2+ (m/z ¼ 212.5),

[CoIII2Co
II(m3-O)(OH)4(DMF)2(EtOH)(H2O)2]

2+ (m/z ¼ 244.0) and
32+, respectively. These results hint that the free cationic species
32+ could be stable in solution and its formation was related to
dioxygen in air. During the synthesis of 1a, dioxygen may leak
into the reaction system to oxidize Co(II) and 32+ forms at
extremely slow speed so that the formation of 1a takes place
only at four months later when the concentration of 32+ arrives
at a certain level, so the remaining 32+ in fresh 1a-s can be
detected by ESI-MS. Meanwhile, the 1a crystals in the undis-
turbed reaction system can also subsequently transfer to 2,
which indicates that 32+ does exist in 1a-s. While for the
synthesis of 1b and 1c under solvothermal conditions, both
yields are lower than that of 1a, which means that only a small
quantity of dioxygen existed in solvents and the vessel leads to
the formation the SBUs of 1b and 1c, and thus there isn't any
remnant 32+ in 1b-s and 1c-s. Once exposed to air, 32+ will soon
generate (in 1b-s) and thus can be detected by ESI-MS. However,
it is still inexplicit why 32+ cannot form in 1c-s that has been
exposed to air for at least seven days (Fig. 4e). On the other
hand, the formation of 32+ may also be related to the presence of
ligand H3BTB, because a DMF–EtOH solution of CoCl2 having
been stirred for more than one month in air (the color of
solution has changed from blue to red) does not show evidence
of 32+ (based on ESI-MS). Based on these points, we speculate
that the transformation from 1a–1c to 2 occurs as follows
(Fig. 5): rstly, to crush the 1a–1c crystals makes the diffusion of
32+ clusters into the 1D channels be feasible; then the incoming
32+ clusters trigger the cleavage of Co1–O1 and Co1–O2 bonds;
and nally the 32+ clusters are bridged to the framework Co3O
units and the ancillary solvent molecules are replaced with the
pendent carboxylate groups (O1 and O2). It should be noticed
that whatever the terminal molecules on Co2 in 1a–1c are, on
Co2 in 2 they are water molecules. Meanwhile, Co1–O1W bonds
(the bridging water molecule) in 1a or 1bmay dissociate during
the cleavage of Co1–O1 and Co1–O2 bonds.
Iodine uptake

Though complexes 1a–1c are highly porous, they became
amorphous upon heating or activation by supercritical CO2

(SCD), so we could not investigate their sorption properties.
In contrast, complex 2 could maintain crystallinity upon
This journal is ª The Royal Society of Chemistry 2013
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activation by SCD (Fig. 6). When samples of 2 were activated by
SCD, they turned into dark pink products 20 (Fig. 7a), which
further became purple products 20 0 aer storage in a desiccator
containing solid NaOH for two days (Fig. 7b). Their capabilities
for iodine adsorption were then tested. Aer immersion in
cyclohexane solution of I2 for three days (Fig. 7d and e), both
products (20 and 20 0) became brown, which could not return to
the original color when washed with cyclohexane. Meanwhile,
the cyclohexane solution turned to light red, which indicates
that iodine in the solution was adsorbed by the activated
samples.18–20 The iodine uptake by 20 and 20 0 were also exam-
ined by sublimation method, the gravimetric measurements18d

taken at various time intervals during the iodine loading
revealed that the mass of 20 increased by 16.2 wt% aer 240 h
(Fig. 8), while that of 20 0 increased signicantly by 38.6 wt%
aer 240 h. That the sorption does not saturate for 20 0 in the
presence of excess iodine indicates continued deposition onto
the crystal surface. The mass uptake of iodine by 20 0 is
comparable to the zeolite 13X25 and the porous organic cage
CC3.19 Aer gravimetric measurements, both 20 and 20 0 changed
to black crystalline products (200 0, Fig. 7c), and UV-Vis spectra in
the solid states showed peaks associated with both samples (20

and 20 0) and iodine (Fig. 9). However, if 2 was activated by SCD
and then pumped in vacuum, the framework might decompose
or collapse (Fig. 6) and therefore hardly adsorbed iodine
molecules. As shown in Fig. 8, the slight mass increase up to
2% may be merely due to the surface loading. This distinct
difference in iodine uptake between samples of 2 aer SCD
reveals the different efficacy of post-SCD sample-manipulating
methods.
Conclusions

In summary, we have reported an unexpected SCSC trans-
formation through vigorous changes of SBUs, which is
specically triggered by postsynthetic uptake of free Co3O
species that are rstly proved to be substantive before being
assembled into frameworks; the transformation simulta-
neously involves the cleavage and formation of Co–O bonds,
the change of metal-to-ligand ratio and the tremendous
change of MOF structures. Although many metal clusters have
been utilized as SBUs to deconstruct MOFs for the purpose of
structural analysis, the direct in situ synthesis of a specic SBU
is still very difficult. Therefore, the present synthesis and/or
adoption of “real” SBUs provides a true route to construct SBU-
based MOF materials. On the other hand, coupled with the
capability of capturing iodine by MOF 2, the present case may
also represent a new type of SCSC transformation and PSM
that is able to tune structures and physicochemical properties
of MOFs in the solid states.
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