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ABSTRACT: The transmetalation (the replacement of metal
ions) of a family of highly porous isostructural metal—organic
frameworks (MOFs), Mg(BTB),(BP); (where M = Zn(II)
(1), Co(I) (2), Cu(Il) (3), and Ni(I) (4), BTB = 1,3,5-
benzenetribenzoate, and BP = 4,4’-dipyridyl) with an ith-d net
topology has been investigated. These compounds have
different framework stabilities depending on the framework
metal jons. The transmetalation and the reverse trans-
metalation reactions of the framework metal ions were
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observed between the MOFs, 1 and 2, having a similar thermodynamic stability. While the transmetalation from
thermodynamically less stable 1 and 2 to more stable 3 and 4 were achieved by soaking single crystals of 1 and 2 in a
solution of N,N’-dimethylformamide (DMF) containing Cu(II) and Ni(II) ions, respectively, no reverse transmetalation was
observed. By simply controlling the soaking time, not only could homogeneously transmetalated crystalline framework structures
be prepared via the thermodynamically controlled complete replacement of the framework metal ions but also selectively
transmetalated core—shell heterostructures were formed via kinetically controlled replacement that was mainly restricted to the
external shell region of the crystal. The fully transmetalated MOFs showed significantly improved framework stabilities compared
with the parent MOFs. A marked improvement in the framework stability was observed, even in the selectively transmetalated
Co(II)/Cu(Il)- and Co(II)/Ni(II)-core—shell heterostructures. Although the frameworks are partially transmetalated, the

framework stability of not only the external shell region but also of the internal core region was significantly affected.

KEYWORDS: porous metal—organic frameworks (MOFs), post-synthetic modification, framework metal ion exchange,

transmetalation, core—shell heterostructure, framework stability

B INTRODUCTION

The properties of metal—organic frameworks (MOFs) often
need to be modified to meet the complicated requirements for
diverse applications. The preparation of new isoreticular MOFs
via similar synthetic procedures using modified building blocks
containing new functional groups is often both complicated and
frustrating. Post-synthetic modification (PSM) to the reactive
sites of known MOFs is a frequently used strategy for obtaining
modulated and functionalized MOFs.'™” Covalent PSM using
the reactive residues of organic linkers is well established,” and
much work on dative PSMs of the metal centers and/or the
organic linkers of MOFs has been reported.3"4 However, most
work has been on modifications of the residues that are not
directly involved in the network connectivity. The replacement
of structural organic linkers or framework metal ions involved
in the network connectivity is relatively rare. Recently, the
preparation of an extended MOF via the replacement of a
structural organic linker was reported.5 A previously unattain-
able pillared three-dimensional (3D) MOF was obtained by the
replacement of a pillaring organic linker. The conversions of
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MOFs to other isostructural MOFs via the replacement of a
framework metal ion (i, transmetalation) has also been
reported.® Kim et al. reported on the complete transmetalation
of a sodalite-like Cd(II) tricarboxylate MOF to the
corresponding isostructural Pb(II) MOF while maintaining
the structural integrity, and the reverse transmetalation of the
Pb(I1) MOF back to the Cd(II) MOF.%*

On the other hand, as a strategy for preparing MOFs with
multifunctional properties, the epitaxial growth of a shell MOF
crystal on the external surface of a core MOF crystal to
construct a multifunctional core—shell heterostructure has been
employed.® Another approach to obtaining a multifunctional
MOF with a core—shell heterostructure is a PSM of the reactive
residue of an organic linker that is not directly involved in the
network connectivity. However, this modification is selectively
constrained to either the external surface or the internal core of
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the MOF. Gadzikwa et al. reported on the preparation of a
core—shell heterostructure via selective modification of a
MOEF.

A family of highly porous isostructural MOFs with a
framework composition of [Mg(BTB),(BP); (M = Zn(IL),
Co(II), Cu(Il), and Ni(II), BTB = benzene-1,3,5-tribenzoate,
and BP = 4,4’ -bipridyl) has been reported.'® The MOFs were
prepared by linking BTB and BP as a three-connected node and
a two-connected linker, respectively, with an M(II) paddle-
wheel (M,(COO),) secondary building unit (SBU) as a six-
connected node. In these MOFs, the axial sites of the paddle-
wheel SBUs of the non-interpenetrated 3,4-connected network
of a pto net topology are connected with BP molecules as linear
ditopic linkers to form a 3,6-connected network of an ith-d net
topology.11 These MOFs, designated as ITHD(M), according
to the net topology, ITHD(Zn) (1), ITHD(Co) (2),
ITHD(Cu) (3), and ITHD(Ni) (4), respectively, have different
framework stabilities, depending on the framework metal ions,
which makes them a good system for a systematic investigation
into transmetalation of the framework metal ions. Recently,
Zou et al. reported the framework metal ion exchange in the
isostructural ITHD MOFs; however, the characterization on
the properties of the exchanged MOF structures was limited."”

Here, we report on dative PSMs for isostructural MOFs of
(a) homogeneously transmetalated framework structures with
enhanced framework stabilities via thermodynamically con-
trolled complete replacements of the framework metal ions,
and (b) selectively transmetalated core—shell heterostructures
via kinetically controlled replacements of the framework metal
ions, mainly at the external shell region of the MOF crystals.

B EXPERIMENTAL SECTION

General Procedures. All reagents used were purchased from
commercial sources and used without further purification. Elemental
analysis (C, H, and N) was performed at the Central Research
Facilities of Ulsan National Institute of Science & Technology. Metal
ions (Zn, Co, Ni, and Cu) were analyzed using a Varian 720-ES
inductively coupled plasma atomic emission spectrometer (ICP-AES).
FT-IR spectra were recorded using KBr pellets with a Nicolet iSIO
FT-IR spectrophotometer (4000—400 cm™'). Thermal gravimetric
analysis (TGA) data were recorded using a TA Instruments Q-600
series thermal gravimetric analyzer under flowing nitrogen gas. Powder
X-ray diffraction (PXRD) data were recorded using a Rigaku D/M
2200T automated diffractometer at room temperature, with a step size
of 0.02° in 20 angle. For the variable temperature PXRD (VT-PXRD)
measurements, the samples were gradually heated from room
temperature to the designated temperature in air with a holding
time of at least 30 min at each temperature. Simulated PXRD patterns
were calculated with the Material Studio software package'® employing
the structural model from single crystal data.

Preparation of MOFs. A series of isostructural MOFs,
[M4(BTB),(BP);]-xDMF-yH,O (where, x and y are the numbers of
solvent N,N’-dimethylformamide (DMF) and water molecules in the
solvent cavity, respectively), were prepared via solvothermal reactions
that were slightly modified from the reported synthetic procedures.'

ITHD(Zn), 1. A solid mixture of Zn(NO;),-6H,0 (38.2 mg, 0.128
mmol), H;BTB (44.2 mg, 0.101 mmol), and BP (8.6 mg, 0.055 mmol)
was dissolved in S mL of DMF in an 8 mL glass vial. The solution was
then heated in an isotherm oven at 70 °C for 1 d, resulting in colorless
rhombic dodecahedral crystals being formed, which were collected by
filtration and washed with fresh DMF. Yield = 55.6 mg, 46.0% based
on BP. Elemental analysis for Zng(BTB),(BP);(DMF),s(H,0)s5 =
Cp76H476010sN5,Zng (fw = 6595.38 g/mol), calculated (%): C, 50.3S;
H, 7.37; N, 11.42. Found (%): C, 50.26; H, 7.27; N, 11.04. FT-IR
(KBr, 4000—400 cm™"): 3445 (br, w), 3064 (w), 2929 (w), 1671 (vs),
1610 (s), 1557 (m), 1505 (w), 1494 (w), 1386 (s), 1255 (w), 1180
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(w), 1095 (m), 1016 (w), 859 (m), 811 (w), 783 (m), 706 (w), 661
(w), 573 (w), 478 (w).

ITHD(Co), 2. A solid mixture of Co(NOs;),-6H,0 (39.9 mg, 0.137
mmol), H;BTB (44.7 mg, 0.102 mmol), and BP (8.9 mg, 0.057 mmol)
was dissolved in 5 mL of DMF. The solution was divided into five
portions in a Pyrex tube and heated in an isotherm oven at 100 °C for
4 d, resulting in dark-purple rhombic dodecahedral crystals being
formed, which were collected by filtration and washed with fresh
DMF. Yield = 103 mg, 83.7% based on BP. Elemental analysis for
Cog(BTB),(BP)3(DMF),;5(H,0)35 = Cy73Hy600104N5,Cos (f =
6483.61 g/mol), calculated (%): C, 50.57; H, 7.29; N, 11.02. Found
(%): C, 50.19; H, 6.81; N, 11.50. FT-IR (KBr, 4000—400 cm™"): 3420
(br, w), 3065 (w), 2929 (w), 1669 (vs), 1607 (s), 1591 (s), 1539 (m),
1388 (vs), 1255 (w), 1220 (w), 1180 (w), 1120 (w), 1067 (m), 1016
(w), 859 (m), 811 (w), 783 (m), 706 (w), 667 (w), 574 (w), 477 (w).

ITHD(Cu), 3. A solid mixture of Cu(OAc),-H,O (8.26 mg, 0.0414
mmol), and H;BTB (8.69 mg, 0.0198 mmol) was dissolved in a 3.0
mL DMF/ethanol/H,0O (2/2/1 ratio) mixed solvent in a 8 mL glass
vial. A 0.5 mL of 1 M HNOj; was added to the solution, and then BP
(1.76 mg, 0.0113 mmol) was added. The reaction solution was heated
in an isotherm oven at 70 °C for 1 d, resulting in cyan rhombic
dodecahedral crystals being formed, which were collected by filtration
and washed with fresh DMF and ethanol. Yield = 22.6 mg, 90.9%
based on BP. Elemental analysis for
Cug(BTB),(BP)3(DMF),,(H,0)s; = CosaHysn0115NysCug (fw =
6598.26 g/mol), calculated (%): C, 48.06; H, 7.36; N, 10.19. Found
(%): C, 48.00; H, 7.20; N, 10.19. FT-IR (KBr, 4000—400 cm™): 3461
(br, w), 3066 (w), 2929 (w), 1674 (vs), 1608 (s), 1554 (m), 1506 (w),
1404 (s), 1388 (s), 1255 (w), 1220 (w), 1182 (w), 1094 (m), 1016
(w), 858 (m), 812 (w), 783 (m), 708 (w), 668 (w), 573 (w), 516 (w),
485 (w).

ITHD(Ni), 4. A solid mixture of Ni(NO;),-6H,0 (39.3 mg, 0.135
mmol), H;BTB (44.7 mg, 0.102 mmol), and BP (8.9 mg, 0.057 mmol)
was dissolved in S mL of DMF in an 8-mL glass vial. The solution was
heated in an isotherm oven at 100 °C for 4 d, resulting in green
rhombic dodecahedral crystals being formed, which were collected by
filtration and washed with fresh DMF. The product was obtained as a
pure crystalline form usin& this modified synthetic procedure, unlike
the reported procedure.'™ Yield = 113 mg, 89.0% based on BP.
Elemental analysis for Nig(BTB),(BP);(DMF),(H,0),5 =
C,ssHys60100NsNig  (fw = 668548 g/mol), calculated (%): C,
51.74; H, 7.33; N, 11.73. Found (%): C, 52.03; H, 6.85; N, 12.05.
FT-IR (KBr, 4000—400 cm™): 3420 (br, w), 3067 (w), 2930 (w),
1668 (vs), 1607 (s), 1589 (s), 1539 (m), 1388 (vs), 1255 (w), 1220
(w), 1180 (w), 1096 (w), 1068 (m), 1016 (w), 860 (m), 812 (w), 783
(m), 708 (w), 668 (w), 574 (w), 478 (w).

Transmetalation of the Framework Metal lons. Before the
transmetalation of the MOFs, the as-synthesized single crystals of 1, 2,
3, and 4 were soaked in DMF for 2 d to remove any remaining
reactants and side products present in the solvent cavities, respectively.
During the soaking process, the solvent was refreshed twice. After
soaking the MOF crystals in the corresponding metal ion DMF
solution, the solvent was decanted, and then the transmetalated MOF
crystals were harvested by filtration, washed thoroughly with DMF,
and then kept in fresh DMF for 1 d to remove the excess metal salt
from the solvent pores of the framework. N,FM, _, is used as a general
notation for a transmetalated MOF, where, N represents the
framework structure with the replaced framework metal ion, M
represents the framework structure with the initial framework metal
ion, the subscript x in N, represents the mole fraction of the replaced
metal ion after the transmetalation, and the subscript 1—x in M;_,
represents the mole fraction of the remaining initial metal ion in the
framework structure.

1,F2, and 2,F1,. The purple crystals of 2 and the colorless crystals
of 1 refreshed in DMF solvent were soaked in 0.1 M Zn(NO;),-6H,0
and 0.1 M Co(NO;),-6H,0 DMF solutions, respectively, at ambient
temperature for 2 d.

3,F1,, 34F2,, and 3;F4,. The colorless crystals of 1, the purple
crystals of 2, and the green crystals of 4 refreshed in DMF solvent were
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soaked in 0.1 M Cu(NOs;),-2.5H,0 DMF solution, respectively, at an
ambient temperature for 2 d, 1d, and 15 d.

4,F1, and 4,F2,. The colorless crystals of 1 and the purple crystals
of 2 refreshed in DMF solvent were soaked in 0.1 M Ni(NO,),-6H,0
DMEF, respectively, at 100 °C for 2 and 1 d.

Kinetic Studies of the Transmetalation. In the kinetic studies of
the transmetalation, approximately equal amounts of the as-
synthesized ITHD crystals were soaked in 0.1 M metal nitrate DMF
solutions. After decanting the metal solutions, the soaked samples were
washed thoroughly using DMF, kept in fresh DMF for 1 d to remove
the excess metal salts from the solvent pores of the frameworks, soaked
in dichloromethane (MC) for 2 d, and then dried under vacuum at
room temperature overnight before being subjected to ICP-AES
analysis to determine the metal contents.

Procedure for Epitaxially Grown Core—Shell MOF. Before the
preparation of core—shell MOF crystals, the as-synthesized single
crystals of 2, 3, and 4 were soaked in fresh DMF solvent for 2 d.
During the soaking, the solvent was refreshed twice. M@N is used as a
general notation for the epitaxially prepared core—shell MOFs, where,
N is the core crystal and M is the shell crystal.

1@2, 1@3, and 1@4. The purple seed crystals of 2, the cyan seed
crystals of 3, and the green seed crystals of 4 were soaked in 5 mL of
DMF solution of Zn(NO;),-6H,0 (38.2 mg, 0.128 mmol), H;BTB
(44.2 mg, 0.10 mmol), and BP (8.6 mg, 0.055 mmol), at an ambient
temperature for 3 d. 1@2, 1@3, and 1@4 core—shell crystals with a
small fraction of 1 single crystals were harvested by filtration and
washed with fresh DMF.

Activation of MOFs Using a Conventional Vacuum Drying
(CVD) Process. The following specific procedure was used for the
activation of all the MOFs via a CVD process. The as-synthesized and
the transmetalated ITHD MOF crystals were soaked in MC for 2 d:
the solvent MC was refreshed three times during the soaking process.
The resulting MC-soaked samples were transferred as a suspension in
a BET-sample-cell, and the solvent was decanted. The wet sample was
then evacuated at room temperature for 1 d.

Activation of MOFs Using a Supercritical Carbon Dioxide
Drying (SCD) Process.'* The as-synthesized and the transmetalated
ITHD MOF crystals were soaked in DMF for 2 d: the solvent DMF
was refreshed three times during the soaking. In the cases of 1 and 2,
freshly distilled anhydrous DMF solvent was used. The sample was
evacuated using supercritical CO, in a Tousimis Samdri PVT-3D
critical point dryer. The sample in fresh DMF solvent was placed in
the chamber, and the DMF was fully exchanged with liquid CO,. The
CO, filling was kept for 2 h and then followed by a purge vent for 10
min, which was repeated five times before heating. The chamber
containing the sample and liquid CO, was heated to around 40 °C and
kept under the supercritical condition (typically 1300 psi) for 1 h. The
CO, was slowly vented overnight from the chamber at 40 °C.

N, Sorption Measurements. All N, sorption isotherms were
measured using a BELSORP-max (BEL Japan, Inc.) employing a
standard volumetric technique up to saturated pressure at 77 K. The
adsorption data in the pressure range lower than ~0.1 P/P, were fitted
to the Brunauer—Emmett—Teller (BET) equation to determine the
BET specific surface areas. The entire set of adsorption data was used
to obtain the Langmuir specific surface area.

B RESULT AND DISCUSSION

In this study, we prepared a series of the isostructural ITHD
MOFs via solvothermal reactions of H;BTB and BP with M(II)
salts in DMF. The bulk identities and the phase purities of the
MOFs were confirmed using a combination of elemental
analysis and a comparison of the simulated PXRD pattern from
the single crystal structure of 1 with the observed PXRD
patterns of the bulk crystals of all the ITHD MOFs (Figure 1).

The TGA data of the isostructural porous MOFs in a flowing
N, environment indicated various thermal stabilities, depending
on the framework metal ion present, even though the MOFs
have exactly the same framework structure, except for the metal
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Figure 1. PXRD patterns of the as-synthesized MOFs: 1 (black), 2
(purple), 3 (blue), and 4 (green). The simulated PXRD pattern of 1
(red) is from the single crystal structure of 1.

ion present. The TGA data of 1 and 2 were very similar (Figure
2, Supporting Information, Figures S1 and S2). A rapid ~60%
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Figure 2. TGA data of the as-synthesized MOFs: 1 (black), 2
(purple), 3 (blue), and 4 (green).

weight loss up to ~180 °C occurred, followed by a subsequent
gradual ~5% weight loss up to ~330 °C. Then, an additional
gradual two-step weight loss occurred up to ~470 °C. The
thermal behavior of 3 was also similar to that of 1 and 2 up to
170 °C (Figure 2 and Supporting Information, Figure S3).
After the first weight loss up to ~170 °C for the solvent
molecules in the cavity, no significant weight loss occurred up
to ~270 °C for 3, and then a gradual additional two-step weight
loss occurred up to ~470 °C. The TGA data of 4 indicated that
the framework structure was stable up to ~350 °C after the first
~61% weight loss (Figure 2 and Supporting Information,
Figure S4).

The variable temperature PXRD (VT-PXRD) patterns of the
as-synthesized MOFs in air, 1—4, also support the different
thermal stabilities of the framework structures of the ITHD
MOFs (Supporting Information, Figures S5—S8). Even though
the TGA data of 1-3 indicate that the framework weight loss
starts around 170—180 °C, the diffraction peaks of 1—3 at ~50
°C had already significantly broadened, and 1-3 lose their
crystallinities completely at 200 °C. Although the TGA data of
the as-synthesized 3 in an N, environment showed the
possibility of the framework being stable up to ~270 °C, the
VT-PXRD patterns of 3 in air indicated a limited thermal
stability of the framework structure.'® As shown in Figure S8,
the thermal stability of the framework structure of as-

dx.doi.org/10.1021/cm301605w | Chem. Mater. 2012, 24, 3065—3073
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synthesized 4 up to ~350 °C in VI-PXRD even in air was
remarkable, especially considering an ~80% solvent cavity of
the ITHD network structure.

The porosities and the framework stabilities of the
isostructural MOFs activated via two different processes,
CVD and SCD, could also be assessed from the N, sorption
measurements (Figure 3). While 1 activated via a CVD process
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Figure 3. N, sorption isotherms of 1 (black), 2 (purple), 3 (blue), and
4 (green) at 77 K. The spherical symbols denote the isotherms of the
samples activated via the CVD process, and the triangular symbols
denote the isotherms of the samples activated via the SCD process
(the solid and open shapes represent adsorption and desorption
isotherms, respectively).

lost its crystallinity and did not show any N, adsorption at 77
K, as has been reported,'® 1 activated via a SCD process kept its
crystallinity and showed a type I sorption isotherm with a BET
specific surface area of 3710 m* g”' and an N, adsorption of
1044 cm® g~'. The BET specific surface area was slightly
smaller than the reported values for the same MOFs, FJI-1(Zn)
and DUT-23(Zn) (Table 1). Considering the extremely large
solvent cavities of the ITHD framework, 2 activated via the
CVD process again showed a relatively small BET specific
surface area (480 m* g!), with an N, adsorption of 127 cm®
g~'. However, 2 activated via the SCD process had a BET
specific surface area of 5200 m* g, with an N, adsorption of
1361 cm® g~', which is larger than the reported values for
DUT-23(Co) and is even larger than the geometrically
calculated specific surface area of 1, S058 m* g/, reported by
Kaskel et al.'® The BET specific surface area of 3 activated via
the CVD process was 4260 m* g”', with an N, adsorption of
1116 cm® g™, which was significantly larger than those of 1 and
2. The BET specific surface area of 3 activated via the SCD
process, was 5480 m® g~'. The BET specific surfaces areas of 4
activated via CVD and SCD processes are 5590 and 5470 m*
g~!, respectively. The similar BET specific areas of 4, regardless
the activation processes used, strongly support the relatively
high framework stability of the Ni-based ITHD network
structure.

The different framework stabilities, together with the high
porosity of this family of the isostructural MOFs, prompted us
to explore the possibility of the framework metal ion exchange.
The transmetalation and the reverse transmetalation of the
framework metal ions were observed for 1 and 2. Trans-
metalated 1,F2, crystals (1 obtained from 2 via complete
replacement of the framework metal ion) and transmetalated
2,F1, crystals (2 obtained from 1 via complete replacement of
the framework metal ion) could be obtained within a period of
2 d. Optical microscopic photographs of a single crystal of 1 in

3068

Table 1. BET Specific Surface Areas and the Total Pore
Volumes of the As-Synthesized and the Transmetalated
ITHD MOFs

SAggr SAggr V. V.
ITHD  (CVD)*m? (SCDY*m? (cvb)®  (sch)=
MOFs g g cm® gt cm® gt ref.
FJI-1(Zn) ND* 4043 ND 143 10a
DUT- ND 4340 ND 1.85 10b
23(Zn)
DUT- ND 4850 ND 2.03 10b
23(Co)
DUT- ND 4730 ND 2.01 10b
23(Cu)
1(Zn) 0 3710 0 162 this
work
2(Co) 480 5200 0.20 210 this
work
3(Cu) 4260 5480 1.76 224 this
work
4(Ni) 5590 5470 225 225 this
work
3,F1, 3130 ND 128 ND  this
work
3,F2, 3200 ND 1.30 ND this
work
3055F 40,17 3740 ND 1.52 ND  this
work
4,F1, 5310 ND 213 ND this
work
4,F2, 5330 ND 2.18 ND this
work

“The BET specific surface areas (SAggr) of the ITHD MOFs activated
via the CVD and the SCD process obtained from the N, adsorption
isotherms. The total pore volume (VP) was estimated from the N,
adsorption amounts assuming that the density of N, in the pores
around the saturation pressure at 77 K was the same as that of liquid
N, at 77 K. *No data were reported or measured.

0.1 M Co(II) DMF solution and a single crystal of 2 in 0.1 M
Zn(II) DMF solution show that the color changes occurred in
the crystals while keeping the crystal integrity during the
framework metal ion replacement (Figure 4). In the case of 2,
the gradual color change in color, from purple to colorless, was
observed from the surface of the crystal to the center of the
crystal during the transmetalation of Co(II) with Zn(1I) in the
framework (Figure 4b). This indicates that the metal ion
exchange proceeded selectively from the external surface to the
internal core of the framework. The transmetalated 2,F1, and
1,F2, crystals retained their parent framework structures, as
confirmed by the PXRD patterns (Supporting Information,
Figure S9). The transmetalation and the reverse trans-
metalation of the framework metal ions were monitored
using the ICP-AES analysis of the mole fractions of the
framework metal ions, Zn(II) and Co(II) (Figure S).

Optical microscopic photographs of single crystals of 1, 2,
and 4 in a 0.1 M Cu(II) DMF solution are shown in Figure 6.
As in the case of the 1,F2, crystal, when the transmetalation of
the framework metal ion proceeded from Co(II) to Cu(IL), the
cyan colored external layer of the crystal resulted from the
replacement of Co(II) with Cu(Il) in the framework, which
became thicker with gradual disappearance of the blue color at
the center of the crystal (Figure 6b) (blue resulted from a
mixture of the cyan and the purple colors). The structural
integrity of the frameworks after transmetalation to 3,F1,,
3,F2y, and 3,F4, was once again confirmed from PXRD
patterns (Supporting Information, Figure $10). The ICP-AES

dx.doi.org/10.1021/cm301605w | Chem. Mater. 2012, 24, 3065—3073
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Figure 4. Optical microscopic photographs of (a) a single crystal of 1
(045 x 0.45 X 0.34 mm in size) in 0.1 M Co(NO,),-6H,0 DMF
solution, and (b) a single crystal of 2 (0.26 X 0.26 X 0.20 mm in size)
in 0.1 M Zn(NO,),-6H,0 DMF solution at an ambient temperature.
The first and the last photographs in (a) and (b) show the single
crystals in a fresh DMF solvent before and after the transmetalation,
respectively. The photographs between the first and the last
photographs show single crystals in the metal salt DMF solutions
for different periods.
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Figure S. Framework metal ion contents in mole fractions during
transmetalation of the ITHD framework structures: (a) From 1 to 2,
and (b) from 2 to 1.

analysis showed that the framework metal ion exchanges in
3,F1, and 3,F2; were complete within a period of 1 d
(Supporting Information, Figure S11). However, the trans-
metalation of the framework metal ion in 3,F4, occurred much
more slowly. The ICP-AES shows that the sample soaked for a
week had an 83% transmetalation of the framework metal ion,
and full transmetalation required about two weeks. Thermally
stable 4 in solid state is kinetically inert in DMF solution.
Unlike the cases of 1 and 2, while the transmetalations from 1,
2, and 4 to 3 are possible, the reverse transmetalations do not
occur, which strongly indicates that 3, based on Cu,(COO),
SBU, is thermodynamically the most stable MOF among this
family of MOFs.

During the transmetalations of the framework metal ions
from Zn(1I) to Cu(II) and from Co(II) to Cu(II), not only was
the structural integrity of the frameworks kept but also the
framework stabilities were enhanced (Figure 7 and Supporting
Information, Figure S12; Table S1). While 1 activated via the
CVD process does not show any N, adsorption at 77 K, 3,F1,
kept its crystallinity and showed a type I sorption isotherm with
a BET specific surface area of 3130 m®> g”' and an N,
adsorption of 824 cm® g~' (Figure 7 and Supporting
Information, Figure S10; Table S1). The BET specific surface
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Figure 6. Optical microscopic photographs of (a) a single crystal of 1
(0.45 X 0.45 x 0.34 mm in size), (b) a single crystal of 2 (0.26 X 0.26
X 0.20 mm in size), and (c) a single crystal of 4 (0.12 X 0.12 X 0.12
mm in size) in a 0.1 M Cu(NOj;),-2.5H,0 DMF solution at ambient
temperature, respectively. The first and the last photographs in (a—c)
show single crystals in fresh DMF solvent before and after the
transmetalation. The photographs between the first and the last
photographs show single crystals in the metal salt DMF solution for
different periods.
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Figure 7. (a) Optical photographs of an as-synthesized crystal of 1, its
transmetalated 3(,0F1g g0 3020F1g71, and 3,F1, crystals, and an as-
synthesized crystal of 3 with the corresponding schematic drawings of
the core—shell heterostructures. (b) The N, sorption isotherms of 1
(black), 3¢20F1gs0 (red), 3029F1o7 (magenta), 3,F1, (navy), and 3
(blue) activated via the CVD process at 77 K (solid and open shapes
denote adsorption and desorption, respectively).

area and N, adsorption of 3,F1, were ~73% of those of as-
synthesized 3. Not only could the extent of the transmetalation
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be kinetically modulated by controlling the soaking time but
also the location of the transmetalation could be selectively
restrained mainly at the external surface or shell region of the
crystalline sample to form a core—shell heterostructure.
Selectively transmetalated 3¢ ,,F1ggs 30.20F1lo.s0, and
3020F1y7 were also obtained simply by soaking the single
crystals of 1 in a Cu(II) DMF solution for 10 min, 30 min, and
1 h, respectively (Supporting Information, Figure S11).
Notably, the optical microscopic photograph of a face-cut
30.12F1ggs crystal clearly showed the cyan color of the
transmetalated framework metal ion was constrained only on
the external surface of the crystal while keeping the internal
core colorless (Figure 8). This strongly indicates that 3 ,F1,gs

Figure 8. Optical microscopic photograph of a face-cut 3¢ ;,F1gs
crystal. The photographs show a single crystal of 1 (a) before and (b)
after soaking in a 0.1 M Cu(NO;),-2.5H,0 DMF solution for 10 min
at ambient temperature, respectively. (c) The bottom left-hand
fragment of the face-cut crystal after soaking shows the cyan colored
external surface, and the top right-hand fragment shows the colorless
internal region of the crystal with a cyan-colored external shell.

is a core—shell heterostructure. The core—shell heterostruc-
tures, 3,0F1ggo and 3¢,0F1¢ 7, had BET specific surface areas
of 420 and 600 m® g/, respectively, and these recoveries of the
BET specific surface areas of 13% and 19% compared with the
BET specific surface area of the fully converted 3,F1, are
mainly attributed from the stable “shell” structure of the core—
shell heterostructures.

3,F2, activated via the CVD process also showed a similar
marked enhancement in porosity, with a BET specific surface
area of 3200 m* ¢! and an N, adsorption of 845 cm® g™/,
compared with the porosity of 2 (Supporting Information,
Figure S12 and Table S1). The BET specific surface area and
the N, adsorption of 3;F2, were ~75% of those of 3. More
interestingly, the BET specific surface areas of the selectively
transmetalated core—shell heterostructures, 3,3;,F2¢s and
3036F20.64 Obtained by soaking 2 in a Cu(Il) DMF solution
for 10 and 30 min, respectively, was similar to, or even larger
than, the BET specific surface area of the fully transmetalated
3,F2,. Unlike the similar core—shell heterostructures 3, 3,F1 ¢s
and 3¢36F1logs although 3¢3,F206 and 3g35F2064 were
partially transmetalated, the full recovery of the framework
stability was observed, and the partial and selective trans-
metalation in the “shell” region of the structure influenced the
stability of the “shell” region and also “core” region of the
framework.

The BET specific surface area and the N, adsorption of
30.53F40.1; were smaller than those of 4 but also 3 (Supporting
Information, Figure S13). The framework stability of the
transmetalated framework, 3,g4;F4(,;, was lower than the
corresponding as-synthesized MOFs, 3 and 4, although the
transmetalation was from 4, the MOF with the highest
framework stability in the solid state, to 3, the MOF with the
thermodynamically most stable framework in solution.

The complete transmetalation of the framework metal ions,
Zn(II) and Co(II) ions in 1 and 2 to Ni(II) ions, was achieved
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when the crystals were soaked in a Ni(II) DMF solution at 100
°C. Optical microscopic photographs of single crystals of 1 and
2 after soaking in a 0.1 M Ni(Il) DMF solution at 100 °C are
also shown in Figure 9. The gradual change in color from
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Figure 9. Optical microscopic photographs of three single crystals of
(a) 1 and (b) 2 in a 0.1 M Ni(NO;),-6H,0 solution at 100 °C,
respectively. The first and the last photographs in (a) and (b) show
single crystals in fresh DMF solvent before and after the trans-
metalation. The photographs between the first and the last
photographs show single crystals in the metal salt DMF solution for
different periods.

purple to green during the transmetalation of the framework
structure from 2 to 4 was observed from the external surface of
the crystals to the center of the crystals. The ICP-AES analysis
showed that the transmetalations of the framework metal ions
for 4,F1, and 4,F2, was complete within a period of 2 d
(Supporting Information, Figure S14). The transmetalated
4,F1, and 4,F2, retained their parent framework structures,
confirmed from PXRD patterns (Supporting Information,
Figure S15).

The N, adsorption and the BET specific surface area of
4,F1, activated via the CVD process are 1390 cm® g~' and
5310 m* g~', respectively, which are similar to those of as-
synthesized 4 activated via the CVD process (Supporting
Information, Figure S16 and Table 2). Kinetically modulated
partial transmetalations via controlling the soaking time at 100
°C again led to selectively transmetalated core—shell

Table 2. BET Specific Surface Area, the Langmuir Surface
Area, and the Total Pore Volume of the Transmetalated
4.F1,_, and 4,F2,_ ., Which Were Activated via the CVD
Process

MOFs SAppr m” g_1 ALung m? g_1 Vi cm® g_1
l(Zn) 0 0 0
4022F1o.78 1230 1320 0.47
40.30F 1070 2320 2420 0.86
4,F1, 5310 6020 213
2(Co) 480 560 0.20
40.34F20.64 5330 6070 2.15
45.40F20 51 5500 6260 222
4,F2, 5330 6110 2.18
4(Ni) 5590 6370 2.25
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heterostructures, 4¢,,F175 (10 min soaking) and 4¢30F1¢70
(30 min soaking) (Supporting Information, Figure S14). The
BET specific surface areas of 4, ,,F1, 5 and 4 30F1, o are 1230
m® g~ and 2320 m® g, respectively, and these values were
~23% and ~44% of the BET specific surface area of 4,F1,. As
in the cases of the core—shell heterostructures of 3 ,0F1, 5o and
3020F1g-y, the framework stabilization of the core—shell
heterostructures, 4(,,F1y,5 and 4 30F1;,o, was related to the
extent of transmetalation, and the stabilization was limited to
the transmetalated “shell” region of the frameworks.

The N, adsorption and the BET specific surface area of
4,F2, activated via the CVD process are 1362 cm® g~' and
5240 m* g, respectively, which again are similar to those of as-
synthesized 4 activated via the CVD process (Figure 10 and
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Figure 10. (a) Optical photographs of an as-synthesized 2 crystal, its
transmetalated 4¢3,F2¢¢6 40.49F2051, and 4,F2, crystals, and an as-
synthesized 4 crystals with the corresponding schematic drawings of
the core—shell heterostructures. (b) The N, sorption isotherms of 2
(purple), 4934F20¢6 (red), 49.49F2¢5; (magenta), 4,F2, (navy), and 4
(green) activated via the CVD process at 77 K (solid and open shapes
represent adsorption and desorption, respectively).

Table 2). Remarkably, the BET specific surface areas of the
selectively transmetalated core—shell heterostructures,
493,F20¢s (10 min soaking at 100 °C) and 4g4F205; (30
min soaking at 100 °C), are 5330 m* g~' and $500 m* g,
respectively, which strongly indicate that the partial trans-
metalation influenced both the framework stability of the shell
region and also the framework stability of the core region of the
structures. To check whether the framework stability of the
core region benefited from the protection by the external shell
crystal or arose from its inherent property, a ground sample of
44.49F2¢.s; with an exposed internal core was prepared and the
framework stability was investigated using TGA, VI-PXRD,
and N, sorption. The thermal stabilities of both ground
40.49F2¢5; and unground 4 49F2,5; were similar to each other,
and behaved like a hybrid structure of 2 and 4 that reflected the
metal ion mole fraction in the framework (Supporting
Information, Figure S17). However, to our surprise, there was
no significant difference in the TGA behaviors of the unground
and the ground samples. In addition, as shown in the VT-
PXRD patterns (Supporting Information, Figure S18), the
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thermal stability of 4(,4F2,5, framework structure was
significantly improved comparing to that of as-synthesized 2
and was comparable to as-synthesized 4. Furthermore, the N,
sorption behavior of ground 4 49F2,s; was similar to that of
unground 4 4F2s;, even though the majority of the internal
core regions of 4 40F2(s, were exposed in the ground sample
(Supporting Information, Figure S19). These observations
suggest that the partial and the selective transmetalations in the
Co(II)/Cu(1)- and Co(II)/Ni(Il)-core—shell heterostructures
influence both the external shell region and the internal core
region of the MOFs. The framework stability of the core region
is not from any protection b?r the stable external shell structure
but is an inherent property.

The large enough aperture diameter of the framework pores
of the ITHD frameworks (~9 A) suggests that the accessibility
of the replacing metal ion in the DMF solvent to the paddle-
wheel SBU sites on the external surface of the MOF crystal is
not the main cause of the kinetically controlled selective
transmetalation to the core—shell heterostructure. The
selectivity is from the different reactivities of the paddle-
wheel SBUs, depending on the location of the SBU sites in the
MOF crystal. It is natural that the SBU sites on an external
surface are much more flexible than those in an internal core,
and these different flexibilities of the SBU sites lead to different
kinetic reactivities of the framework metal ions and the
selectivity of the transmetalation.

It is well-known that a core—shell heterostructure with a clear
interface can be prepared via an epltamal growth of a shell
crystal on the surface of a core crystal.® A series of core—shell
heterostructures, 1@2, 1@3, and 1@4, can be prepared using
2—4 as thermodynamically more stable core crystals, and 1 as a
thermodynamically less stable shell crystal. Seeding 2—4
crystals as core crystals in a DMF solution of H;BTB, BP,
and Zn(NO;),-6H,0 at an ambient temperature led 1 to grow
epitaxially as a shell crystal on the surfaces of 2—4 seed crystals
for 3 d. However, it is difficult to get the core—shell crystals as a
pure phase in the epitaxial growth approach because the shell
crystals are simultaneously obtained as a minor form. The
distinctively different colors of the core and the shell crystals
and the clear interfaces between the core and the shell crystals
showed that 1 had grown epitaxially as a shell crystal on the
surfaces of 2—4 (Supporting Information, Figure $20).
However, while a core—shell heterostructure with a thermody-
namically stable crystal as a core crystal and an equally stable, or
less stable, crystal as a shell crystal can be prepared, it is not
possible to generate the reverse core—shell heterostructure with
a thermodynamically unstable crystal as a core crystal and a
more stable crystal as a shell crystal. Seeding a thermodynami-
cally unstable 1 in solutions of Co(II), Cu(1I), and Ni(Il) in the
presence of H;BTB and BP led to transmetalations rather than
epitaxially grown core—shell heterostructures.

B CONCLUSIONS

In a series of highly porous isostructural ITHD MOFs,
framework metal ions of similar thermodynamic stabilities
could be reversibly exchanged while keeping the integrity of the
framework structures. Soaking the thermodynamically more
stable ITHD crystals as a core crystal in metal ion solutions
containing the framework metal ions of the potentially less
stable ITHD crystals in the presence of ligands led to the
epitaxially grown core—shell heterostructures. The reverse
soaking, that is, soaking thermodynamically less stable ITHD
crystals in metal ion solutions containing the framework metal
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ions of the potentially more stable ITHD crystals in the absence
of the ligands, led to the transmetalation of the framework
metal ions while keeping the integrity of the framework
structures (Scheme 1).

Scheme 1. Transmetalations and Epitaxial Growths of

Core—Shell Crystals
O

cu(l) /Zn(ll)
b 4

L1 =H,BTB
L2 =BP

G
o + cu(i)\

1

co(l) Ni(11)

Zn(Nl)

-~ @

4

L1, 12 Ni(l1)

\ Co(l1)
.-

By controlling the soaking time, either a homogeneous
framework structure via complete transmetalation of the
framework metal ion or a core—shell heterostructure via
selective transmetalation mainly constrained to the external
shell region of a crystal could be achieved. The selectivity of the
transmetalation is not from the different accessibility of the
replacing metal ion but from the different reactivities of the
framework metal centers, depending on the location of the
framework metal sites in the MOF crystal. This reflects the
different flexibility of the framework metal sites. Framework
metal sites with more flexible external surfaces reacted faster
than framework metal sites in the more rigid internal core. This
led to the different kinetic reactivities and the selectivity of the
transmetalation.

The PXRD data of the as-synthesized MOFs with solvent in
the pore showed the framework integrity in air at ambient
temperature. However, when the solvent in the pore was
gradually removed by applying heat during the VT-PXRD
measurements, the water molecule present in air can react with
the metal centers in the framework. The framework stabilities
of the MOFs were not only governed by temperature but also
affected by the reactivity of the metal centers with water. 4
showed excellent thermal stability; however, the other frame-
works, 1—3, had limited thermal stabilities in the presence of
water because the metal centers in the frameworks were
reactive to water to lose their structural integrities. However,
the TGA result in N, environment showed different thermal
stabilities of the framework structures. 3 showed increased
thermal stability in absence of water; however, its thermal
stability is still lower than that of 4 but higher than those of 1
and 2. The VT-PXRD data in air and the TGA data in N,
environment indicate that the order of the pure thermal
stability of the MOFs is 4 > 3 > 2 = 1. The N, uptake
amounts and the BET surface areas of the isostructural MOFs

Ni(11)
X
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are closely related to the framework stabilities of the MOFs.
The order of the framework stabilities based on the N, sorption
behaviors of the MOFs, 4 > 3 > 2 > 1, is also in good
agreement with the observations from the TGA and the VT-
PXRD.

In the cases of transmetalated 3,F1,_, and 4,F1,_,
framework structures, the framework stability depends on the
extent of the transmetalation of the framework metal ion at the
external shell region of the crystal. The enhanced framework
stability in the transmetalated shell region had the lowest
influence on the stability of the less-affected internal core
region. However, in the cases of the transmetalated core—shell
heterostructures, 3,F2,_, and 4,F2,_,, even partial trans-
metalation of the framework metal ions mainly in the external
shell region of the crystal completely restored the framework
stability of the as-synthesized framework structures. Not only
the shell region but also the core region of the framework
structure was influenced by the partial transmetalation.

Post-synthetic complete and/or selective transmetalations of
the framework metal ions can be used as a general strategy for
synthesizing highly porous MOFs with enhanced framework
stabilities, and core—shell heterostructures with multifunctional
properties.
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the water molecules in air during the VT-PXRD experiments.

(16) The core—shell heterostructures prepared via selective trans-
metalations do not have clear core—shell interfaces, unlike the core—
shell heterostructures prepared via epitaxial growth. The optical
microscopic photographs of the partially transmetalated 1,F2,_,,
3,F2,_,, and 4,F2,_, crystals (Figures 4b, 6b and 9b)and the face-cut
3034F 1066 3034F Lose and 4 34F1¢ ¢ crystals (Supporting Information,
Figures $21—23) show color gradients at the interfaces between the
external surface and the internal core regions. The color gradients at
the interfaces probably reflect the gradients in the mole fractions of the
metal ions with the higher mole fraction of transmetalated metal ion
occurring at the external shell region, and the lower mole fraction
occurring in the internal core region. The framework stabilities of the
Cu(Il)/Co(11)- and the Ni(Il)/Co(II)-core—shell heterostructures
with lower mole fractions of Cu(Il) and Ni(II) ions in the internal
core regions are significantly enhanced. Even a minimum mole fraction
of the transmetalated metal ion in the internal core region can have a
significant effect on the framework stability of the internal core region
of the core—shell heterostructure.
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