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2-Amino-1,4-benzenedicarboxylic acid (NH,—BDC) has been found to be a compatible building block for the
construction of two new metal-organic frameworks (MOFs) that have structures isoreticular to reported MOFs that
use 1,4-benzenedicarboxylic acid (BDC) as a building block. DMOF-1-NH, (DABCO MOF-1-NH,) is a derivative of
a previously studied MOF that contains two-dimensional square grids based on NH,—BDC and zinc(ll) paddle-
wheel units; the grid layers are connected by DABCO (1,4-diazabicyclo[2.2.2]octane) molecules that coordinate in
the axial positions of the paddlewheel secondary-building units (SBUs). UMCM-1-NH, is an NH,—BDC derivative
of UMCM-1 (University of Michigan Crystalline Material-1), a highly porous MOF reported by Matzger et al., and
consists of both NH,—BDC and BTB (BTB = 4,4’,4”-benzene-1,3,5-triyl-tribenzoate) linkers with Zn,O SBUs. The
structure of UMCM-1-NH, was confirmed by single-crystal X-ray diffraction. By using NH,—BDC to generate these
MOFs, the pendant amino groups can serve as a chemical handle that can be manipulated via postsynthetic
modification with alkyl anhydrides. Reactions of each MOF and different anhydrides have been performed to compare
the extent of conversion, thermal and structural stability, and Brunauer—Emmett—Teller surface areas afforded by
the resulting materials. Under comparable reaction conditions, 'H NMR of digested samples show that UMCM-1-
NH, has conversions comparable to that of IRMOF-3, while DMOF-1-NH, only shows high conversions with smaller
anhydrides. Under specific reaction conditions, higher conversions were obtained with complete retention of crystallinity,
as verified by single-crystal X-ray diffraction experiments. The results presented here demonstrate three important
findings: (a) NH,—BDC can be used as a surrogate for BDC in a number of MOFs thereby providing a handle for
postsynthetic modification, (b) postsynthetic modification is a general strategy to functionalizing MOFs that can be
applied to a variety of MOF structures, and (c) the topology and chemical/thermal stability of a MOF can influence
the type of chemical reactions and reagents that can be used for postsynthetic modification.

Introduction Numerous combinations of metals and ligands have resulted

Metal-organic frameworks (MOFs) are porous crystalline in the synthesm of many MOFS. W.lth different structurfas' a.md

. . . . topologies. MOFs are characteristically known for exhibiting
materials composed of metal ions or metal ion clusters which

are linked together by multidentate organic ligands.'™'® high porosities and good thermal stability, and some MOFs
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have been explored for applications such as gas storage,
catalysis, and separations.'>'”~3® Interest in the aforemen-
tioned uses has resulted in a rational, designed approach in
the preparation of MOFs, where the choice of metal ion and
ligand can be judiciously selected to influence the overall
chemical and physical properties of the MOF.?*~** Although
the ability to incorporate “functional” metal centers into
MOFs (e.g., unsaturated metal centers) has improved,45 47
the introduction of ligands containing complex functional
groups into the MOF has faced greater challenges because
of the reactivity of such groups with metal ions, particularly
under solvothermal conditions.
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As an alternative route, we adapted a concept from Robson
et al.,” which had been previously validated by Kim and co-
workers,”” whereby we first synthesized a MOF and then
functionalized the lattice afterward using suitable chemical
reagents. To describe this approach for functionalizing
MOFs, the phrase “postsynthetic modification” was adopted,
in reference to the process of posttranslational modification
of proteins.*® Postsynthetic modification has been demon-
strated with other solid state materials (e.g., organosili-
cates,***° carbon nanotubes’ 1) but is a relatively new concept
in the field of MOFs.?*3275¢ Recently, we”’ % and
others®' ~¢” were able to demonstrate the feasibility of using
postsynthetic modification to decorate MOFs with a variety
of functional groups. For example, isoreticular metal-organic
framework-3 (IRMOF-3),°® which is composed of 2-amino-
1,4-benzenedicarboxylic acid (NH,—BDC) and Zn,O clus-
ters, can readily be modified with linear alkyl chain anhy-
drides®”® and isocyanates®® to produce amide and urea
functionalized systems. It has been shown that these modi-
fications can affect the physical and chemical properties of
IRMOF-3, including its microporosity.

Despite the impressive progress that has been made in the
postsynthetic functionalization of MOFs, there appear to exist
a number of important issues that need to be further
addressed. First, approaches that can provide general and
facile access to covalent modification of different MOFs are
currently not available. Second, although the effect of reagent
size on the outcome of IRMOF-3 modification has been
probed,’ it remains unclear how reagent shape (e.g., linear
vs branched) might influence the process of postsynthetic
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Scheme 1. Synthesis and Postsynthetic Modification of Three MOFs: DMOF-1-NH,, IRMOF-3, and UMCM-1-NH,*
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“ DABCO and BTB ligands are represented by dashed and bold lines in the scheme, respectively.

modification. Similarly, MOFs with different pore sizes and
topologies could also potentially have variable postsynthetic
modification outcomes, even when treated with the same
reagents under identical conditions. Furthermore, there are
a very limited number of literature reports on the postsyn-
thetic modification of MOFs, and hence exploring the
generality of postsynthetic modification with a variety of
MOF structures is also an unrealized and important goal.
Although the postsynthetic modification of MOFs other than
IRMOF-3 has been pe:rforrr1€:d,29’61'64’65 none of these studies
report a systematic investigation of postsynthetic modification
as a function of reagent size and reactivity. To gain a better
understanding of the relationship between postsynthetic
modification and topology, and examine other fundamental
aspects of this relatively new field, we sought to design
MOFs specifically for postsynthetic modification. On the
basis of the work performed with IRMOF-3, which had
proven to be a successful model system because of its
combination of high porosity, good crystallinity, and unco-
ordinated amino groups, NH,—BDC was selected as a
surrogate for 1,4-benzenedicarboxylate (BDC) to synthesize
MOFs amenable to postsynthetic modification. In this way,
the same functional unit could be used to explore the
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postsynthetic modification of different MOFs, allowing for
similarities and differences observed in reactivity to be
attributed to MOF topology and structure.

In the present study, we describe two new MOFs (desig-
nated DMOF-1-NH, and UMCM-1-NH,) that have been
synthesized using NH,—BDC, which can be modified by
postsynthetic modification (Scheme 1). The two new MOFs
are derivatives of previously reported structures, where
NH,—BDC was substituted for BDC under solvothermal
conditions.®”"" Both MOFs and IRMOF-3 were modified
with linear alkyl chain anhydrides ([CH3(CH,),CO],0, where
n=20,2,4,8, 12, 18) and branched anhydrides (trimethy-
lacetic anhydride and isobutyric anhydride). The degree of
modification was probed by solution 'H NMR, and the
modifications were confirmed by Electrospray Ionization
Mass Spectrometry (ESI-MS). Thermal and structural stabil-
ity of the modified MOFs were examined using thermo-
gravimetric analysis (TGA), powder X-ray diffraction (PXRD),
and single-crystal X-ray analysis. Brunauer—Emmett—Teller
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(BET) surface areas of the MOFs were also determined using
N, isotherms at 77 K to examine the porosity of the modified
materials. DMOF-1-NH, and UMCM-1-NH, showed similar
trends in the degree of conversion, with modification
decreasing as the alkyl chain length increased. All of the
MOFs demonstrated little or no modification with trimethy-
lacetic anhydride. Postsynthetic modification of the MOFs
was influenced by the accessibility and probable orientation
of the NH,—BDC within the framework. The results here
demonstrate the versatility of using NH,—BDC for synthe-
sizing new MOFs, highlight differences in the postsynthetic
modification as a function of MOF structure, and show that
covalent postsynthetic modification is a broadly applicable
approach to the functionalization of MOFs.

Experimental Methods

Starting materials and solvents were purchased and used without
further purification from commercial suppliers (Sigma-Aldrich, Alfa
Aesar, EMD, TCI, Cambridge Isotope Laboratories, Inc., and
others). IRMOF-3 was synthesized and activated as described
previously.>*-72

Preparation of DMOF-1-NH,. Zn(NOs3),+4H,0 (1.56 g, 6.00
mmol) and 2-amino-1,4-benzenedicarboxylic acid (NH,—BDC,
1.10 g, 6.07 mmol) were dissolved in 150 mL of dimethylforma-
mide (DMF). 1,4-Diazabicyclo[2.2.2]octane (DABCO, 1.08 g, 9.63
mmol) was then added to the solution, which immediately generated
a large amount of white precipitate. The mixture was filtered using
a 60 mL PYREX glass funnel of fine porosity. The filtrate was
collected, and the solution was diluted to a volume of 150 mL with
DMEF before being divided into 15 mL portions and transferred to
10 scintillation vials (20 mL capacity each). The vials were placed
in a sand bath, and the bath was transferred to a programmable
oven and heated at a rate of 2.5 °C/min from 35 to 120 °C. The
temperature was held at 120 °C for 12 h, and then the oven was
cooled at a rate of 2.5 °C/min to a final temperature of 35 °C. This
procedure generated yellowish rod-shaped crystals of DMOEF-1-
NH,. The mother liquor from each vial was decanted, and the
crystals were washed with 3 x 6 mL of DMF followed by 3 x 6
mL of CHCl;. The crystals were then soaked in 10 mL of CHCI;
for 3 days with fresh CHCl; added every 24 h. After 3 days of
soaking the crystals were stored in the last CHCl; solution until
needed. The average yield of dried DMOF-1-NH, per vial was
determined to be approximately 57 £+ 3 mg (0.20 mmol —NH,
equiv., 33% based on starting Zn(NOs;),*4H,0). Substituting
NH,—BDC with BDC (1.02 g, 0.60 mmol) using an identical
procedure led to the generation of DMOF-1 crystals.®%7°

Preparation of UMCM-1-NH,. Zn(NOs),*4H,0 (2.83 g, 10.8
mmol), NH,—BDC (0.490 g, 2.7 mmol), and 4,4’,4”-benzene-1,3,5-
triyl-tribenzoic acid”> (BTB, 0.424 g, 0.97 mmol) were dissolved
in 100 mL of DMF. The solution was divided into 10 mL portions
and transferred to 10 scintillation vials (20 mL capacity each). The
vials were placed in a sand bath, and the bath was transferred to
an isothermal oven heated at 85 °C. After 48 h, the vials were
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removed from the oven and left to cool to room temperature. Beige,
crystalline needle clusters were present in every vial. The mother
liquor was decanted, and crystals were washed with 3 x 12 mL of
DMF and soaked in CHCI; (12 mL) for 24 h. The crystals were
then rinsed 3 x 10 mL of CHCI; and left to soak for 3 days with
fresh CHCl; added every 24 h. After 3 days of soaking the crystals
were stored in the last CHCl; solution until needed. The average
yield of dried UMCM-1-NH, per vial was determined to be
approximately 56 mg (0.05mmol -NH, equiv, ~56% based on
BTB).

Modification of MOFs — Method 1. The CHCI; storage
solution of each MOF was decanted, and the crystals were dried at
75 °C under vacuum for at least 12 h. The freshly dried MOF
sample (~15 mg, 0.050 mmol equiv of -NH, of DMOF-1-NH,; 52
mg, 0.050 mmol equiv of -NH, of UMCM-1-NH,; 14 mg, 0.050
mmol equiv of -NH, of IRMOF-3) was placed into a dram vial (4
mL capacity) with 1.0 mL of solvent (CDCl; or CHCl;) and 2 equiv
(0.10 mmol) of anhydride. The samples were left to react for 3
days at room temperature, and the reaction was quenched by
decanting the solvent. The samples were rinsed with 3 x 2 mL of
CHCl; and soaked in 2 mL of CHCl; overnight. The rinsing and
soaking were repeated for a total of 3 days, and the samples were
left in fresh CHCIl;. Each vial was dried under vacuum at room
temperature or at 90 °C overnight and used for 'H NMR analysis.

Modification of MOFs — Method 2. For DMOF-1-NH,:
Approximately 57 mg of DMOF-1-NH, (0.20 mmol, equiv of -NH,)
was placed in a vial with 2 equiv (0.4 mmol) of alkyl anhydride
dissolved in either 8 mL (for n = 0, 2) or 4 mL (for n = 4, 8, 12,
18; isobutyric anhydride, trimethylacetic anhydride) of CHCl;. The
samples were heated in an oven at 55 °C for 24 h, after which the
solution was decanted (except for n = 12 and 18, vide infra) and
the crystals were washed with 3 x 6 mL of CHCI;. A fresh solution
of the anhydride was added to the vial, and the mixtures were heated
for an additional 24 h. The aforementioned procedure was repeated
two more times, giving a total reaction time of 4 days. For samples
where n = 12 or 18, the mixtures were heated at 55 °C for 4 days
without replacing the anhydride solution, but the volume was
adjusted to 4 mL every 24 h by adding fresh CHCI; (some solvent
loss occurred because of evaporation). After the reaction was
complete, the CHCl; solution was decanted, and the crystals were
washed with 3 x 6 mL of CHCI; before soaking in 10 mL of pure
CHCI; (i.e., without anhydride) for 3 days, with fresh CHCl; added
every 24 h. After 3 days of soaking the crystals were stored in the
last CHCl; solution until analyzed.

For UMCM-1-NH,: One vial of UMCM-1-NH, (~56 mg, ca.
0.050 mmol equiv of -NH;) was combined with 4 equiv (0.20 mmol
for n =0, 18) or 8 equiv (0.40 mmol for n = 2, 4, 8, 12, isobutyric
anhydride, trimethylacetic anhydride) of alkyl anhydride in 2 mL
of CHCI;. The reduced equivalents/concentration (0.1 M vs 0.2
M) used for n = 0 and n = 18 were due to the high reactivity (n
= 0) and low solubility (n = 18) of these anhydrides. After allowing
the sample to stand at room temperature for 3 days, the solution
was decanted, and the crystals were washed with 3 x 10 mL of
CHCI; before soaking in 10 mL of CHCl; for 24 h. After repeating
the washes and soaks for 3 days, the crystals were stored in the
last CHCl; solution until analyzed.

Digestion and Analysis by 'H NMR. 'H NMR spectra were
recorded on Varian FT-NMR spectrometer (400 MHz). Ap-
proximately 5 mg of MOF (DMOF-1-NH,, UMCM-1-NH,, or
IRMOF-3) modified using either Method 1 or Method 2 was dried
under vacuum at room temperature or at 90 °C overnight and
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As-synthesized DMOF-1-NH,|

As-synthesized DMOF-1

Relative Intensity

Simulated DMOF-1

Figure 1. Proposed structural model for DMOF-1-NH, (left), based on the reported structure of DMOF-1. Color scheme: green, Zn; red, O; gray, C; blue,
N; gold, H. DABCO molecules are shown with disorder as reported for DMOF-1. The yellow sphere illustrates estimated free space. PXRD (right) of the
as-synthesized DMOF-1-NH, (red), as-synthesized DMOF-1 (blue), and simulated DMOF-1 (green) derived from ref 70.

digested with sonication in 500 uL of DMSO-ds and 100 uL of
dilute DCI (23 uL of 35% DCI in D,O diluted with 1.0 mL of
DMSO-d).

Digestion and Analysis by ESI-MS. ESI-MS was performed
using a ThermoFinnigan LCQ-DECA mass spectrometer, and the
data was analyzed using the Xcalibur software suite. Crystals of
modified DMOF-1-NH, and UMCM-1-NH, (0.1~1 mg) were
digested in 1 mL of MeOH (or H,O) with sonication.

Thermal Analysis. Approximately 10—20 mg of IRMOF-3,
DMOEF-1-NH,, or UMCM-1-NH, modified using Method 2 was
used for TGA measurements. Samples were analyzed under a stream
of dinitrogen using a TA Instrument Q600 SDT running from room
temperature to 600 °C with a scan rate of 5 °C/min.

PXRD Analysis. Approximately 15 mg of DMOF-1-NH,
(typically soaked in DMF) or UMCM-1-NHj, (typically soaked in
CHCl3) modified using Method 2 were air-dried before PXRD
analysis. PXRD data were collected at ambient temperature on a
Rigaku Miniflex II diffractometer at 30 kV, 15 mA for Cu Ka (4
= 1.5418 A), with a scan speed of 1°/min or 5°/min, a step size of
0.05° in 26, and a 26 range of 3—40° and 2—35° for DMOF-1-
NH, samples and UMCM-1-NH, samples, respectively. The
experimental backgrounds were corrected using the Jade 5.0
software package. The simulated PXRD patterns were calculated
from the single crystal diffraction data using Mercury CSD 2.0.

BET Surface Area Analysis. Approximately 80—100 mg of
modified DMOF-1-NH, or 40—60 mg of modified UMCM-1-NH,
(prepared using Method 2) was evacuated on a vacuum line for
5—18 h. The sample was then transferred to a preweighed sample
tube and degassed at 105 °C for approximately 24 h on an ASAP
2020 or until the outgas rate was <5 um Hg/min. The sample tube
was reweighed to obtain a consistent mass for the degassed modified
DMOF-1-NH, or UMCM-1-NH,. BET surface area (m?%g) mea-
surements were collected at 77 K by dinitrogen on an ASAP 2020
using volumetric technique.

Single-Crystal X-ray Diffraction. Single crystals of UMCM-
1-NH; and UMCM-1-AMS in CHCl; were mounted on nylon loops
with Paratone oil and placed under a nitrogen cold stream (200
K). Data was collected on a Bruker Kappa Apex II diffractometer
using Cu Kot radiation (1 = 1.54178 A) controlled using the APEX
2.0 software package. A semiempirical method utilizing equivalents
was employed to correct for absorption. All data collections were
solved and refined using the SHELXTL suite. The Zn?* ions, O
atoms, and several of the C atoms were refined anisotropically while
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the rest of the C atoms were refined isotropically for UMCM-1-
NH,. All non-hydrogen atoms, except for atoms C3 and C4, were
refined anisotropically for UMCM-1-AMS5. UMCM-1-NH, and
UMCM-1-AMS were treated with the “squeeze” protocol in
PLATON to account for electron density associated with the amino
and alkyl-amide substituents and for partially occupied or disordered
solvent (e.g., CHCl;) within the porous framework.

Results and Discussion

Synthesis of DMOF-1-NH, and UMCM-1-NH,: Util-
ity of NH,—BDC as a Building Block for Modifiable
MOFs. DMOF-1 (DABCO MOF-1) represents a prototypal
example of the well-known jungle gym type three-dimen-
sional MOF.%%-70-73.74.76=83 The basic structure contains two-
dimensional square grids based on Zn,(RCO,), paddle-wheel
SBUs, which are bridged by BDC at the equatorial positions
and pillared by DABCO (1,4-diazabicyclo[2.2.2]octane) at
the axial positions. Replacing BDC with NH,—BDC and
following reported procedures®®-’° (with minor modifications)
readily generates crystalline products of an isostructural
lattice, namely, DMOF-1-NH,, which can be formulated as
Zn,(NH,—BDC),(DABCO) in its guest-free form. DMOF-
1-NH, has been characterized by several techniques, includ-
ing X-ray diffraction, TGA, gas adsorption, 'H NMR, and
ESI-MS. Although the atomic coordinates of DMOF-1-NH,
structure are not currently available from single-crystal X-ray
diffraction (because of the poor quality of the diffraction),
its phase identity and purity were reliably confirmed by

(76) Seki, K.; Takamizawa, S.; Mori, W. Chem. Lett. 2001, 332-333.

(77) Seki, K. Chem. Commun. 2001, 1496-1497.

(78) Seki, K.; Mori, W. J. Phys. Chem. B 2002, 106, 1380-1385.

(79) Chun, H.; Dybtsev, D. N.; Kim, H.; Kim, K. Chem.—Eur. J. 2005,
11, 3521-3529.

(80) Tanaka, D.; Horike, S.; Kitagawa, S.; Ohba, M.; Hasegawa, M.; Ozawa,
Y.; Toriumi, K. Chem. Commun. 2007, 3142-3144.

(81) Uemura, K.; Yamasaki, Y.; Komagawa, Y.; Tanaka, K.; Kita, H.
Angew. Chem., Int. Ed. 2007, 46, 6662—6665.

(82) Takei, T.; Ii, T.; Kawashima, J.; Ohmura, T.; Ichikawa, M.; Hosoe,
M.; Shinya, Y.; Kanoya, I.; Mori, W. Chem. Lett. 2007, 36, 1136—
1137.

(83) Liu, J.; Lee, J. Y.; Pan, L.; Obermyer, R. T.; Simizu, S.; Zande, B.;
Li, J.; Sankar, S. G.; Johnson, J. K. J. Phys. Chem. C 2008, 112,2911-
2917.
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Table 1. Structure Determination Parameters and Mass Spectrometry Data for UMCM-1-NH, and UMCM-1-AMS5 Single Crystals

MOF UMCM-1-NH, UMCM-1-AM5
formula Cy4HpsNO3Zny C49.50H3430NO13.90Zn4"
morphology Needle Needle
color Beige Beige
size (mm) 0.38 0.55

0.15 0.25

0.14 0.20
crystal system hexagonal hexagonal
space group P6(3)/m P6(3)/m
a=bhc 41.2555(8) A, 17.5091(9) A 41.2685(10) A, 17.5342(11) A
a=py 90°, 120° 90°, 120°
volume (A%) 25808.2(15) 25861.5(18)
T, K 200(2) 200(2)
reflns measured 11730 64158
data/restraints/parameters 3967/0/217 15699/0/306
independent reflns [R(int)] 3967[R(int) =0.0660] 15699[R(int) = 0.2054]
final R indices [I > 20(D)]* R1 =0.0584 R1 = 0.0711

wR2 = 0.1587 wR2 = 0.1471
R indices (all data, F? refinement)® R1 = 0.0677 R1 = 0.1369

wR2 = 0.1648 wR2 = 0.1643
GOF on F? 0.995 0.786
largest diff. peak and hole, e/A3 0.574 and —0.798 0.541 and —1.747
ESI-MS(-) [M — H]~ 180 278

“ The empirical formulas reflect the ratio of unmodified amino-BDC to modified alkyl amide BDC ligand as determined by 'H NMR.

preliminary diffraction data, which provided cell parameter
information. The available diffraction data gives a tetragonal
cell setting similar to that of DMOF-1 (Supporting Informa-
tion, Table S1).°7° The PXRD pattern for DMOF-1-NH,
is in good agreement with that of DMOF-1 (Figure 1), which
further supports the structural assignment. The mismatch
between the simulated (green) and experimental (blue and
red) patterns is possibly due to the framework flexibility
typically seen in this family of MOFs.%>®! The dinitrogen
sorption isotherms for DMOF-1-NH, are also consistent with
the expected porosity for this material. The measured BET
surface area for DMOF-1-NH, is ~1510 m%g with a median
pore width of 5.58 A (calculated from N, isotherms at 77 K
based on the Horvath—Kawazoe model), which is compa-
rable to, but expectedly lower than, that of DMOF-1 (the
reported BET surface area of DMOF-1 range from 1450%°
to 1794 m*g;’® Supporting Information, Figure S1). This
shows that DMOF-1-NH, is clearly a highly microporous
material, with a large surface area, consistent with an open
MOF Iattice. TGA experiments show that DMOF-1 and
DMOF-1-NH, decompose in the range of ~300—350 °C
(Supporting Information, Figure S2), which clearly distin-
guishes them from other MOF materials such as IRMOF-3
(which has a decomposition temperature nearly 100 °C
higher).””®® In addition, "H NMR and ESI-MS from the
digested DMOF-1-NH, samples show the presence of
NH,—BDC and DABCO in the expected relative concentra-
tions for DMOF-1-NH, (~1:0.6 as calculated from 'H NMR
integration, Supporting Information, Figure S3; expected
value: 1:0.5). All of the aforementioned data support the
hypothesis that DMOF-1-NH, is an analogue of DMOF-1
with NH,—BDC present as a surrogate for BDC.

The synthesis of UMCM-1-NH, was modified from the
published procedure of UMCM-1, a highly porous MOF
reported by Matzger et al., which consists of both 1,4-
benzenedicarboxylate and BTB linkers.”' Matzger et al.
found UMCM-1 could be synthesized as a single phase
crystalline material by controlling the ratio of BDC/BTB

within the range of 3:2 to 1:1. We decided to substitute BDC
with NH,—BDC and attempted to synthesize an analogue
of UMCM-1. After adjusting the ratio of reagents and
reaction conditions from the original UMCM-1 procedure
(see Experimental Methods), we were able to synthesize
UMCM-1-NH; as a single phase material consisting of pale
beige crystalline needles. In this case, we found an excess
of NH,—BDC (greater than 2 equiv) was necessary to avoid
forming MOF-177.%"

To confirm UMCM-1-NH, was the amino-containing
analogue of UMCM-1, UMCM-1-NH, was analyzed by 'H
NMR, TGA, and PXRD. MOFs of similar ligand composi-
tions (e.g., IRMOF-3, MOF-177, UMCM-1) were also
synthesized and examined as standards for direct comparison.
UMCM-1-NH, was visually identical to UMCM-1 and
clearly distinct in color and morphology from IRMOF-3 and
MOF-177. Comparison of the '"H NMR spectra of digested
samples confirmed the composition of UMCM-1-NH, (Sup-
porting Information, Figure S4), showing the expected 2:1
ratio of BTB to NH,—BDC to be present in UMCM-1-NH,.
TGA and PXRD analysis of UMCM-1-NH, were also
consistent with those reported for UMCM-1. UMCM-1-NH,
was observed to have comparable thermal stability (~450
°C) and showed a similar PXRD pattern to UMCM-1
(Supporting Information, Figure S5).

Unambiguous assignment for the structure of UMCM-1-
NH, was obtained by a single-crystal X-ray diffraction study.
The original UMCM-1 lattice was found to be hexagonal
(P63/m) with a = b = 41.5262(8) A, ¢ = 17.4916(5) A and
a unit cell volume of 26129 A*.”' UMCM-1-NH, was found
to crystallize with the same unit cell parameters as UMCM-1
(Table 1). Suitable atomic positions were found and assigned
for three Zn>" ions, 31 carbon atoms, and 8 oxygen atoms
in the asymmetric unit (Supporting Information, Figure S6).
The atoms present in the asymmetric unit were associated
with the Zn,O cluster, three BTB ligands, and an NH,—BDC
ligand. Unfortunately, a suitable position for the amino group
could not be located because of a combination of disorder
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Figure 3. Plots of percent conversion vs length of linear anhydrides (n)
for IRMOF-3 (red), DMOF-1-NH, (green), and UMCM-1-NH, (blue) based
on Method 1. Data for trimethylacetic anhydride and isobutyric anhydride
are also included for comparison.

over four positions of the phenyl ring and the weak
diffraction quality of the crystal;*'">° however, ESI-MS
and 'H NMR data confirm that the ligands present in these
crystals are BTB and NH,—BDC. UMCM-1-NH; is a 3-D
extended framework consisting of large 1-D hexagonal
channels (Figure 2) bordered by the BTB ligands and smaller
pores constructed from a combination of six NH,—BDC and
five BTB linkers, identical to that found for UMCM-1. To
confirm the porosity of UMCM-1-NH, dinitrogen gas sorp-
tion experiments were performed. UMCM-1-NH, was found
to have a BET surface area of 3973 m*/g, which is quite
comparable to UMCM-1 with a reported BET of 4160 m?/
g. UMCM-1-NH, also displayed a characteristic two-step
isotherm similar to that of UMCM-1 (vide infra, Figure 5).”'
The high BET surface area and structural analysis of UMCM-
1-NH,; showed unambiguously that NH,—BDC could act as
a substitute for BDC to generate an analogous MOF that is
amenable to postsynthetic modification (vide infra).
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The facile syntheses of DMOF-1-NH, and UMCM-1-NH,,
both of which contain free amino groups within their
frameworks, highlight the applicability of using NH,—BDC
as a building block to generate prefunctionalized MOFs
suitable for further modification. Although amino groups are
known to coordinate to a range of metal ions, our results
suggest that their relatively weak binding affinity with Zn>*
and small steric hindrance allow the direct replacement of
BDC with NH,—BDC in some systems, without compromis-
ing the original MOF structure.®* The factors that prevent
the amino groups from interfering with formation of the
desired MOF structure likely lies in the choice of appropriate
reaction conditions (e.g., solvent, concentration, temperature,
etc.) that disfavor the binding of these groups to metal ions.
Considering the large number of BDC-based MOFs in the
literature,® it is expected that NH,—BDC can serve as a
module to generate a wide range of MOF structures that are
suitable for postsynthetic modification. Furthermore, we
anticipate the potential accessibility of other amine-containing
carboxylate ligands will make this modular approach ap-
plicable in an even broader context.

Modification of IRMOF-3, DMOF-1-NH,, and UMCM-
1-NH,: Influence of Framework Structure on Reactivity.
With two new amine-bearing MOFs in hand, a systematic
study to functionalize these materials was performed. Specif-
ically, IRMOF-3, DMOF-1-NH,, and UMCM-1-NH,, which
all possess distinct framework topologies and differing levels
of porosity, were used as a basis set to evaluate the effects
of structural variation and pore dimension on postsynthetic
modification. Eight reagents, including six linear alkyl
anhydrides ([CH3(CH,),CO]J,0, where n = 0, 2, 4, 8, 12,
18; corresponding modified products designated as MOF-1
AMI, 3, 5, 9, 13, 19, respectively) and two branched
anhydrides (trimethylacetic anhydride and isobutyric anhy-
dride; corresponding to the modified products designated as

(84) Bauer, S.; Serre, C.; Devic, T.; Horcajada, P.; Marrot, J.; Férey, G.;
Stock, N. Inorg. Chem. 2008, 47, 7568-7576.
(85) The Cambridge Structural Database (CSD), ConQuest version 1.10.
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Table 2. Percent Conversions of Postsynthetic Modification Reactions with IRMOF-3, DMOF-1-NH,, and UMCM-1-NH, with Different Anhydrides

As Determined by 'H NMR*

MOF -AM1 -AM3 -AMS5 -AM9 -AM13 -AM19 -AMiPr -AM7Bu
n= 0 2 4 8 12 18 n/a n/a
Method 1 DMOF-1 55 £ 13% 31 £ 3% 17 £ 3% 8+ 3% ~1% ~1% 10 + 2% 0%
IRMOF-3 88 + 3% 89 + 6% 78 + 2% 41 £ 1% 26 £ 3% 10 £ 3% 84 + 5% 5+ 1%
UMCM-1 ~99% 90 £+ 5% 77 + 5% 62 + 4% 61 £ 3% 30 £ 2% 48 + 9% 6+ 3%
Method 2 DMOF-1 ~99% ~99% 67 £ 3% 34 + 4% 11 £ 2% ~2% 63 £ 9% ~1%
IRMOF-3” ~99% ~99% 96 £+ 3% 46 + 7% 32 £ 5% 7T+ 1% nd. ¢ nd. ¢
UMCM-1 ~99% ~99% 93 £+ 1% 89 £+ 5% 84 + 7% 28 + 4% 49 + 4% ~1%

“ Values are given for reactions performed under identical (Method 1) and MOF-specific, optimized (Method 2) conditions. Values listed are an average
(with standard deviations) of at least three independent experiments. ? from reference 59. ¢ Not determined.

MOF-1-AMBu, -AMiPr, respectively), were used as amide-
coupling reagents to target the amino groups present in the
MOFs (Scheme 1). This in turn offered an opportunity to
probe another important aspect of this study, to examine how
the size and shape of organic reagents will affect the
heterogeneous modification process. Strictly identical modi-
fication conditions, based on Method 1 as described in the
Experimental Section, were applied to all three MOFs. After
the reactions were complete, the modified products were
handled identically with extensive washing and drying before
digested in DCI/D,0O/DMSO-d; solutions.

'"H NMR taken on the digested samples reveal several
interesting observations. First, similar to IRMOE-3,%"° both
DMOF-1-NH, and UMCM-1-NH, undergo modification with
the anhydrides, corroborating the generality of covalent
modification of MOFs.2%3761:6465 §econd, under identical
modification conditions (i.e., Method 1), percent conversion
appears to bear a strong correlation with the nature of the
anhydride and the MOF. Overall, UMCM-1-NH, tends to
have the highest degree of modification (with one notable
exception, vide infra), whereas DMOF-1-NH, has the lowest
and IRMOF-3 lies in between (Figure 3; Table 2). This is in
good agreement with their respective surface areas and pore
dimensions, with UMCM-1-NH, being the most highly
porous of the three materials. For the shorter, linear
anhydrides (n < 4) the differences in reactivity between
UMCM-1-NH, and IRMOF-3 are small. For all three MOFs
the percent conversion is found to be inversely related to
the length of anhydride, consistent with our previous study.>
Interestingly, the shape of organic reagent also imposes an

influence on the outcome of the modification reaction. For
example, trimethylacetic anhydride, the bulkiest reagent used,
results in very low conversions (<10%) for all three MOFs.
In contrast, isobutyric anhydride, a less bulky reagent, shows
drastically different results for the three frameworks, with a
conversion as high as 84% for IRMOF-3 and as low as 10%
for DMOF-1-NH,. Surprisingly, isobutyric anhydride shows
intermediate reactivity with UMCM-1-NH,, with a 48%
conversion, which is distinct when compared to the trend
observed for the linear anhydrides. In all cases, modification
was confirmed by ESI-MS analysis by digestion of modified
crystals, which showed the presence of the expected m/z peak
for the modified NH,—BDC ligand.

Modification of DMOF-1-NH, and UMCM-1-NH,:
Optimization of Reaction Conditions and Characteriza-
tion of New MOFs. The relatively low conversion for
DMOF-1-NH, samples modified based on Method 1 sug-
gested that optimization of reaction conditions was necessary
to achieve a higher degree of modification. Consequently,
the effect of reaction temperatures was initially probed and
preliminary results with acetic anhydride (where n = 0)
suggested that applying heat, even at only slightly higher
temperatures (55 °C) dramatically increased the percent
conversion (Table 2). Using heat, plus daily rinsing of
DMOF-1-NH; crystals with CHCl; and exchange of fresh
anhydride solutions,*® led to the optimal modification condi-
tions for DMOF-1-NH, crystals, which resulted in higher
conversions and maintained a high degree of crystallinity.
The degree of modification was quantified by solution 'H
NMR technique (where the modified product was digested
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in a DCI/D,0/DMSO-d; solution), which revealed a signifi-
cantly improved percent conversion for most of the smaller
anhydrides (Figure 4). In particular, DMOF-1-AM1 and
-AM3 were isolated in a nearly quantitatively converted form,
whereas -AMS, -AM9, and -AM;iPr all showed much higher
modification (relative to Method 1). However, the degree of
transformation for DMOF-1-AM13, -AM19, and -AMsBu
remained notably low, presumably because of the inherent
difficulty associated with accommodating these bulkier
substituents by the DMOF-1-NH, lattice. The structural
integrity of the modified DMOF-1-NH, samples was cor-
roborated by a number of techniques, including optical
microscopy, TGA, PXRD, and gas sorption experiments. As
gauged by the images taken on the modified products
(Supporting Information, Figures S7), no apparent degrada-
tion of the crystals was observed after the reactions,
highlighting the expected chemical stability of the DMOF
system.®”’® TGA profiles of these new materials indicated
that their thermal stability was essentially retained regardless
of modification. The overall structural integrity of the
modified DMOF-1-NH, crystals was further confirmed by
PXRD, which showed good agreement between the most
intense reflections of the unmodified and modified DMOF-
1-NH; samples (Supporting Information, Figure S8). Finally,
the porous structures of the eight modified MOFs were also
probed using N, isotherms measured at 77 K. In general,
these new materials all showed a certain degree of mi-
croporosity, although their BET surface areas varied widely
depending upon the type of substituents and the extent of
modification (Supporting Information, Table S2). As a
representative example, the N, isotherm of DMOF-1-AMS5
is shown along with that of unmodified DMOF-1-NH,, which
revealed type I sorption behavior typically seen in mi-
croporous materials (Figure 4). The calculated BET surface
area for DMOF-1-AM5 was estimated to be about ~740 m?/
g, and the median pore width to be 5.35 A based on the
Horvath—Kawazoe model. These two values are expectedly
lower than those of the unmodified DMOF-1-NH, (1510 m*/g
and 5.58 A, respectively).
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To increase the percent modification of UMCM-1-NH,
with longer, linear anhydrides, a higher anhydride concentra-
tion was employed than used in Method 1. Although higher
anhydride concentrations were found to partially degrade the
single crystallinity of IRMOF-3,% the single crystallinity of
UMCM-1-NH, remained unchanged under these condition
(Supporting Information, Figures S9). With higher anhydride
concentrations (0.2 M, 8 equiv of anhydride), percent
conversions were found to be >80% (n = 2, 4, 8, 12) (Figure
5). Percent conversions for -AM1 and -AM19 remained the
same (~99% for n = 0 and ~28% for n = 18) as reported
for Method 1. UMCM-1-AMS5, -AM9, and AM13 were
found to have overall percent increases of 20% from the
values obtained using Method 1. Improvements in percent
conversions with the branched anhydrides were less signifi-
cant. UMCM-1-AM7Bu was ~1% modified and no signifi-
cant change was observed with UMCM-1-AMiPr (~49%).
Out of the eight modified versions of UMCM-1-NH,,
UMCM-1-AM9 and -AM13 showed the largest increases in
modification in comparison with modified single crystalline
IRMOF-3.

All modified UMCM-1-NH, were found to maintain
thermal and structural stability after anhydride treatment
by Method 2. Each modified UMCM-1-NH, remained
stable up to ~450 °C (Supporting Information, Figure S8).
PXRD data of modified UMCM-1-NH, showed peaks
consistent with UMCM-1-NH,; (Supporting Information,
Figure S10). To further confirm the structural integrity
of the framework, a single crystal X-ray structure was
collected and solved for UMCM-1-AMS. Prior to X-ray
analysis, UMCM-1-AMS5 was determined to be 93%
modified by '"H NMR and showed no visual degradation
or change in morphology. UMCM-1-AMS5 was found to
have similar unit cell parameters as UMCM-1-NH, (Table
1). Three Zn?* ions, 29 carbon atoms, and 8 oxygen atoms
were located and assigned in the asymmetric unit and were
found to correspond with the Zn,O cluster, three BTB
ligands, and one modified NH,—BDC ligand. Suitable
atomic positions could not be located for the modified
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alkyl-amide substituent because of disorder over four
positions of the phenyl ring and because of the weak
diffraction quality of the crystal. UMCM-1-AMS5 shows
the expect framework structure (Supporting Information,
Figure S11), identical to that of UMCM-1 and UMCM-
1-NH,;, thus indicating UMCM-1-AMS5 was structurally
intact after modification. After collecting the structure,
the UMCM-1-AMS single crystal was taken from the
diffractometer, digested by sonication in MeOH, and
submitted for ESI-MS analysis. The expected peak for the
modified NH,—BDC ligand at m/z 278 [M — H] was
observed as the base peak in the spectrum (Supporting
Information, Figure S12).

BET surface area measurements were collected for the
modified UMCM-1-NH, to examine the effect of modifica-
tion on porosity. Two BET trials were collected and averaged
for each of the eight modified UMCM-1-NH, under dini-
trogen at 77 K. All modified UMCM-1-NH, were found to
remain highly microporous. UMCM-1-AM13 was observed
to have the lowest BET surface area (~2800 m?/g); consistent
with the additional ~13 non-hydrogen atoms per secondary
building unit (i.e., ZnyO(RCOO)s) having been introduced
into the framework.”” UMCM-1-AM7Bu was found to have
a BET surface area of ~3800 m?%g, essentially unchanged
from UMCM-1-NH,, confirming the low degree of conver-
sion for this material. One interesting observation is that for
all of the modified UMCM-1-NH, samples, the lowest
measured BET is ~2800 m?/g. This value is still very high,
in excess of many highly porous MOF materials such as
IRMOEF-3.219%8 Of the two types of pores present in
UMCM-1-NH,, the smaller pore is more likely to be
occupied by the substituents generated upon postsynthetic
modification because it is the smaller pores that are lined by
NH,—BDC ligands. The large, 1-D hexagonal pores/channels
in UMCM-1-NH, may remain largely unoccupied, as they
are bordered solely by BTB ligands, thus providing these
materials with large surface areas even after postsynthetic
modification. This hypothesis is supported by a full isotherm
collected on UMCM-1-AMS5 and its high BET of ~3300
m?/g (Figure 5).

Rationale for Modification Results. When identical sets
of modification conditions were applied to all three MOFs
(i.e., Method 1), the results can be rationalized by considering
two key steps involved in the heterogeneous modification
process: the diffusion of reagents and the reaction with
substitutents, both of which are related to the kinetics and
thermodynamics of postsynthetic modification. In general,
a higher surface area, and in particular, larger pore dimension
of the MOF should facilitate faster diffusion and easier
accommodation of substituents because of reduced steric
hindrance. The overall trend of percent conversion observed
(UMCM-1-NH, > IRMOF-3 > DMOF-1-NH,) is consistent
with this assumption. The negligible difference between
UMCM-1-NH, and IRMOF-3 for short, linear anhydrides
is also consistent with this premise, because both MOFs have
highly open structures that readily allow the introduction of
small reagents. The extremely low conversion seen in the
case of trimethylacetic anhydride with all three MOFs is

largely attributed to the low reactivity of this bulky anhy-
dride. In addition to surface area and pore dimension,
framework connectivity also influences the covalent trans-
formation of MOFs. In particular, the local environment of
the NH,—BDC ligands (i.e., the amount of free space
immediately surrounding the amino groups) may also play
an important role in modulating the modification process.
This effect is likely to be critical in the modification of
DMOF-1-NH,. Specifically, the plausible edge-to-edge ori-
entation of NH,—BDC rings (Supporting Information, Figure
S13), which places one NH,—BDC moiety in close proximity
to another, potentially limits the accessibility of amino groups
to anhydride molecules, thus resulting in significantly lower
percent conversions, when compared with UMCM-1-NH,
and IRMOF-3, even for smaller reagents. This speculation
is further supported by the results based on Method 2, where
DMOF-1-NH, was heated to 55 °C during postsynthetic
modification, presumably facilitating free rotation of the
NH,—BDC rings, and resulting in a dramatic increase in the
degree of modification by smaller reagents. The unexpected
discrepancy of percent conversion for isobutyric anhydride-
modified UMCM-1-NH, and IRMOF-3 can be explained on
a similar basis. UMCM-1-AMiPr was observed to have lower
conversion than IRMOF-3-AMiPr under identical reaction
conditions (Method 1). While higher anhydride concentra-
tions appeared to improve the percent modification of the
linear alkyl chains, use of a higher anhydride concentration
had no effect on the formation of UMCM-1-AMiPr, which
may be due to the shape and sterics of the branched
substituent. Although UMCM-1-NH, has a significantly
higher overall porosity than IRMOF-3, examination of their
structural models suggests that the size of local channels and
cavities adjacent to amino moieties in UMCM-1-NH, are
smaller than that in IRMOF-3 (Supporting Information,
Figure S13), the effect of which appears to be more
pronounced for branched anhydrides than for their linear
counterparts.

Conclusions

Robson suggested with the very earliest MOF-like materi-
als that postsynthetic modification would be a promising
route toward preparing novel materials with interesting
properties. Herein, our controlled modification performed on
the three structurally diverse MOFs has identified several
key concepts that are of particular importance in the process
of postsynthetic modification: (1) overall porosity of MOFs
largely determines the degree of modification and the range
of reagents that can be accessed; (2) framework connectivity
and in particular, local environment surrounding the targeted
reactive groups (e.g., NH,) play an important role that affects
the reactivity; and, (3) the size and shape of reagent
molecules also play a critical role in influencing the
modification outcome. We believe these conclusions are of
general importance and can serve as guidelines for the
postsynthetic modification of other MOF systems. In addi-
tion, we have also demonstrated the feasibility of modulating
known BDC-based MOF structures with NH,—BDC units,
which affords an easy handle for postsynthetic modification
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targeting the reactive amino groups. We anticipate this
approach to be applicable in a broader context, as other
amine-containing MOFs are also potentially accessible.
Together, we believe this work provides a validated,
conceptual framework for the general application of postsyn-
thetic modification to MOFs.

Acknowledgment. We thank Dr. J. R. Stork for help with
X-ray analyses, Prof. G. Arrhenius for use of his PXRD,

306 Inorganic Chemistry, Vol. 48, No. 1, 2009

Wang et al.

and Dr. Y. Su for performing the mass spectrometry
experiments. This work was supported by UCSD and the
NSF (CHE-0546531).

Supporting Information Available: Further details are given
in Figures S1—S13, Tables S1—S3, and crystallographic data in
CIF format. This material is available free of charge via the Internet
at http://pubs.acs.org.

IC801837T



