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Investigating the Crystal Engineering of the Pillared Paddlewheel 
Metal-Organic Framework Zn2(NH2BDC)2DABCO 
D. T. McGrath,a V. A. Downing a and M. J. Katz a,* 

The synthesis of Zn2(NH2BDC)2DABCO was investigated with the hopes of producing a material with a high surface area. 
Despite considerable efforts to get reproducible results, replacing BDC with NH2BDC was not trivial; the gas adsorption 
isotherms were inconsistent, resulting in different gas uptakes and large variation in hysteresis loops. Given this, we 
examined the gas adsorption isotherms (BET surface area and pore size distributions), the solution-phase NMR, and the 
powder X-ray diffractograms of our materials in order to puzzle out the underlying chemistry. From this data, we illustrate 
how 1D chains of Zn(H2O)2(NH2BDC) are converted to partially pillared Zn2(NH2BDC)2DABCO which is either amorphous or 
crystalline based on the NH2BDC:DABCO ratio.

1 Introduction 
Metal-organic frameworks (MOFs) are a class of porous materi-
als made up of a combination of inorganic metal nodes and or-
ganic linkers.1-4 Once assembled, one of the unifying features of 
MOFs is that a considerable amount of unused space – space 
that is not occupied by the node and linker – remains behind. 
This porous nature and the concomitant high surface area asso-
ciated with MOFs allow for utilization in a wide variety of appli-
cations such as gas storage and separation,5-8 chemical sens-
ing,9-12 and catalysis.13-17  
 The other attractive feature of MOF research is that the po-
rous space can be tailored towards applications with judicious 
choice of both node and linker.18,19 For this reason, the utiliza-
tion of functionalized linkers has become prevalent in MOF 
chemistry. For example, when the 2-aminoterephthalic acid 
linker (NH2BDC) was used in place of the amine-free tereph-
thalic acid linker (BDC) in the MOF UiO-66, then improved cap-
turing of carbon dioxide,20 selective removal of toxic chemi-
cals,21 and applications in fluorescence imaging in cancer ther-
apy were observed.22  
 While the properties associated with these changes are of-
ten of interest, the determination of the synthetic pathways 
necessary to form these materials is often of great frustration. 
The juxtaposition of the need for new materials coupled to the 
challenges associated with synthesis of new materials is the cor-
nerstone of crystal engineering. To that end, researchers have 
spent considerable effort to investigate synthetic strategies to 
target the de novo synthesis of MOFs.23-26 Congruently, post-
synthesis methods have also been widely investigated.27-31 In 

these methods, the existing MOF undergoes a node/linker sub-
stitution, or a chemical reaction, to introduce the desired func-
tionalities into the porous structure.31-37 

 
Fig. 1 Crystal structure of Zn2(NH2BDC)2DABCO illustrating how pairs of zinc cations con-
nect to one another via BDC units (dark red bonds) to form a paddlewheel (Zn2COOR)4 
sheet. These sheets connect to one another via a DABCO pillar (dark green bonds) to 
form the overall pillared paddlewheel MOF. Zinc (yellow), oxygen (red), carbon (light 
blue), nitrogen (dark blue). Amino groups have been omitted for clarity. 

 With this in mind, we have been investigating the synthesis, 
properties, and applications of MOFs.38-41 Recently, we have 
turned our attention to amine-functionalized MOFs due to the 
observation that amine-containing MOFs seem to outperform 
their parent complex in catalysis and gas adsorption proper-
ties.42,43 Furthermore, amine-functionalized MOFs offer an easy 
method for post-synthesis processes.44-46 To our surprise, the  
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amine-functionalized Zn2(NH2BDC)2DABCO (DABCO = 1,4-di-
azabicyclo[2.2.2]octane) has not been extensively investigated 
for these properties (Fig. 1).47 
 Interestingly, the Brunauer–Emmett–Teller (BET) surface 
area of Zn2(NH2BDC)2DABCO  is considerably lower than that of 
the parent MOF, 1320 – 1510 m2/g vs. 1700 – 1950 m2/g respec-
tively.37,40,47-49 Given this, we initially set out to understand the 
synthetic factors that affect the crystal engineering of 
Zn2(NH2BDC)2DABCO. Although, ultimately, we were not able to 
determine how to optimize the synthesis of 
Zn2(NH2BDC)2DABCO to achieve a high and reproducible surface 
area, the challenges faced yielded a unique opportunity to gain 
insights into the formation process of pillared paddlewheel 
MOFs. 

2 Experimental method 
2.1 Reagents 

All the chemicals used were reagent grade and used  
as-received. Reagents used were zinc nitrate hexahydrate 
(Zn(NO3)2•6H2O), 2-aminoterephthalic acid, 1,4-diazabicy-
clo[2.2.2]octane, N,N-dimethylformamide (DMF), ethanol, N,N-
diethylformamide (DEF), and nitric acid (HNO3).  

2.2 Instrumentation 

For gas adsorption analysis, samples were placed in sample 
holders using a filler rod to reduce the unoccupied  
volume, and a seal frit to prevent unwanted guest molecules 
from interacting with the samples prior to analysis. Before any 
measurements, samples were thermally degassed (activated) 
on a Micromeretics Smart VacPrep gas adsorption sample prep-
aration instrument. Samples were initially heated at 90°C while 
a vacuum level below 1.00 mmHg was reached at 5.00 mmHg/s. 
Subsequently, the samples were heated to 150°C for 500 min 
under unrestricted vacuum. The samples were cooled to room 
temperature and the sample holder was backfilled with N2(g). 
Gas adsorption isotherm data was collected at 77 K on a Mi-
cromeritics 3Flex Surface Characterization instrument using 
N2(g) as the probe molecule. Using the MicroActive software 
suite, the data obtained was used to determine the BET surface 
area50 and pore size distributions (PSD).  

For 1H NMR data, MOF samples were dissolved by first add-
ing 3 drops of D2SO4 to approximately 5 mg of sample. Once dis-
solved, 1 mL of DMSO-d6 was added and used as the lock sol-
vent. 1H NMR data was collected on a 500 MHz Bruker Avance 
III instrument using an inverse probe. 
 Powder X-ray diffraction (PXRD) patterns were acquired us-
ing a Rigaku Ultima IV X-ray diffractometer equipped with a cop-
per X-ray source operating at 40 kV x 44 mA (1.76 kW) and a 
scintillation counter detector. A continuous scan mode be-
tween 2θ = 5° – 30° with a sampling width of 0.020° and a scan 
rate of 1.000°/min was utilized.  
 Scanning Electron Microscope (SEM) images were collected 
on a JEOL JSM 7100 F SEM using a thermally-assisted Schottky-
type Field Emission gun as the electron source. All samples were 
carbon coated prior to analysis. 

2.3 Synthesis of Zn2(NH2BDC)2DABCO 

Samples were synthesized based on a similar prep by Dybtsev 
et al. for Zn2(BDC)2DABCO.51 0.0947 g (0.844 mmoles) of  
DABCO was dissolved in 7 mL of DMF in a 30 mL DURAN bottle 
and sonicated to dissolution (approximately 30-45 s). To this, 
0.5010 g (1.684 mmoles) of Zn(NO3)2•6H2O was added along 
with an additional 7 mL of DMF. The samples were subsequently 
sonicated to dissolution (approximately 30-45 s). Finally, 0.2765 
g (1.526 mmoles) of NH2BDC was added along with an addi-
tional 7 mL aliquot of DMF. The samples were sonicated until 
dissolution (approximately 30-45 s) and placed in an oven set at 
120°C for 48 h. Modifications made to this synthetic procedure 
in an attempt to optimize the surface area included changes in 
mole ratio, heating conditions, and solvent choice (refer to Ta-
ble S1 in the Electronic Supplementary Information (ESI)).  

After 48 h, the samples were removed from the oven and 
cooled for approximately 5 min at room temperature. Crystals 
were broken loose from the DURAN bottle with a flat-tipped 
spatula, ensuring crystals from the solvent ring were not incor-
porated into the bulk sample, as they are likely unrepresenta-
tive of the target product. The loose crystalline material was 
transferred to a 50 mL centrifuge tube and centrifuged for 5 min 
at 5000 rpm. After centrifugation, the mother liquor was de-
canted and the solid crystalline samples were washed with 
three separate 10 mL aliquots of fresh DMF, followed by three 
10 mL aliquots of methanol; the samples were centrifuged for 5 
min at 5000 rpm between washes. Subsequently, samples were 
dried for 45 min in a vacuum oven at 80°C to remove surface-
bound solvent.  

3 Results 
3.1 Synthesis 

The initial investigation into discovering and optimizing a facile 
de novo synthesis for Zn2(NH2BDC)2DABCO originated from pre-
vious knowledge regarding the usefulness of amine-functional-
ized MOFs (e.g. UiO-66-NH2 and NH2-MIL-101(Al)).43,52 Initially, 
without experimental modification, a BET surface area of 950 
m2/g was obtained; this is considerably lower than the 1320 
m2/g observed by Dybtsev et al.37  

With this in mind, several attempts were made to modify 
the synthetic procedure in order to improve the porosity. Our 
various attempts can be found in Table S1 in the ESI. Unfortu-
nately, there was no observable trend between the various fac-
tors. Even worse, seemingly identical procedures gave non-re-
producible results. For instance, in one batch of samples where 
the role of the NH2BDC was being investigated, an increase in 
the NH2BDC mole ratio up to 30% resulted in a BET surface area 
increase from 950 m2/g to 1400 m2/g (Table S1 in the ESI). Alt-
hough this data seemed promising, frustratingly, any attempt to 
reproduce the data resulted in BET surface areas ranging from 
500 – 1000 m2/g.  

3.2 Gas adsorption isotherms 

Fig. 2 illustrates some of the variability in gas adsorption that 
we observed during the synthesis of Zn2(NH2BDC)2DABCO. 
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There are two main features of these isotherms. Firstly, the gas 
uptake of all these materials varies considerably. Secondly, 
nearly all the samples show some degree of hysteresis. This in-
dicates the presence of a mesoporous material; 
Zn2(NH2BDC)2DABCO is not expected to contain mesopores. 
However, the magnitude of the hysteresis, as well as the shape 
of the hysteresis, varied considerably. This suggests that the 
mesoporous material is not due to a highly ordered system. 

 
Fig. 2 Selected N2 gas adsorption isotherms of various samples of 
Zn2(NH2BDC)2DABCO synthesized in this work. The various gas adsorption iso-
therms illustrate the range of gas uptake and hysteresis that was observed. 

 
Fig. 3 (a) DFT-PSD of the isotherms in Fig. 2 of Zn2(NH2BDC)2DABCO. The similar pore size 
is consistent with the presence of Zn2(NH2BDC)2DABCO. (b) BJH-PSD of the desorption 
branch of the isotherms in Fig 2. The different hysteresis loops are associated with dif-
ferent sized mesopores. The BJH-PSD for the adsorption branch can be seen in Fig. S1 of 
the ESI. 

 To better understand these samples, the PSD of the samples 
in Fig. 2 were analyzed (Fig. 3). For the micropores (Fig. 3a), den-
sity functional theory (DFT) was utilized. For all the samples, a 
10 Å PSD was obtained. The value of the PSD is consistent with 
what would be expected for the pore size for 
Zn2(NH2BDC)2DABCO, which is expected to be similar to that of 
the parent, Zn2(BDC)2DABCO (9.6 Å).53 Thus, despite the wide 
distribution of gas uptake and BET surface areas, the gas ad-
sorption isotherms are consistent with the presence of 
Zn2(NH2BDC)2DABCO. 

For the mesopores responsible for the hysteresis, the Bar-
rett-Joyner-Halenda (BJH) method was utilized to determine 

the PSD. As shown in Fig. 3b, comparing the PSD of the desorp-
tion branches demonstrates that the pore sizes are not uni-
formly distributed, as observed in the micropore region. 

Based on the gas adsorption isotherms, it can be concluded 
that Zn2(NH2BDC)2DABCO is present and either contains a mes-
oporous impurity or somehow contains defects that produce 
mesopores. 

3.3 NMR and PXRD analysis of a representative sample set 

Given the challenges faced with the synthesis of 
Zn2(NH2BDC)2DABCO, we turned our attention to the composi-
tion of our products. To that end, as illustrated in Fig. 4, we se-
lected five representative samples which spanned from low sur-
face area (260 m2/g) to high surface area (1400 m2/g). Table 1 
illustrates the synthetic pathway used to achieve the observed 
BET surface area and the NMR results of the dissolved material. 
The Scanning Electron Microscope (SEM) images of these sam-
ples can be observed in Fig. S4. Highly insulating chunks, and 
rectangular prisms, consistent with the morphology of 
Zn2(NH2BDC)2DABCO, are present. As the surface area in-
creases, there is a concomitant increase in rectangular prisms 
and a decrease in the insulating chunks. 

 
Fig. 4 N2 gas adsorption isotherms measured at 77 K for P1 (red squares), P2 (pur-
ple upside-down triangles), P3 (black diamonds), P4 (green circles), and P5 (blue 
triangles). Fig. S2 of the ESI illustrates the hysteresis observed for isotherms P1 – 
P5. 

Table 1 Comparison of BET surface areas and NMR proton ratios for five preps for 
Zn2(NH2BDC)2DABCO. 

 Modificationa BET Surface 
Area (m2/g) 

NMR Proton Ratio 
(NH2BDC:DABCO)b,c 

P1 +5% Zn(NO3)2•6H2O 260 6:6.00 
P2 +10% Zn(NO3)2•6H2O 500 6:4.68 
P3 +10% NH2BDC 655 6:4.57 
P4 Unmodified prep 950 6:6.60 
P5 +30% NH2BDC 1400 6:7.35 

a Given the reproducibility challenges, this column is present to illustrate which samples 
were used and is not reflective of the reproducibility. 
b The integration of NH2BDC was set to 6, therefore an ideal ratio for Zn2(NH2BDC)2DABCO 
would be 6:12. 
c Relaxation rates were measured to ensure accurate integrations.  

3.3.1 NMR analysis 
NMR analysis was carried out on all samples (see Table S1 in the 
ESI). Given the formula of Zn2(NH2BDC)2DABCO, a ratio of 6:12 
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(NH2BDC:DABCO), neglecting the -NH2 and -COOH protons, is 
expected. To our surprise, P1 – P5 had an integration that was 
considerably lower than ideal (Table 1, and Fig. S3 in the ESI). 
Even P5, which exhibited the highest BET surface area of any 
sample synthesized, had a ratio of only 6:7.35. In looking at the 
values in Table 1 and Table S1, there is no clear relationship be-
tween BET surface area and linker ratios. 
 The NMR data suggests two possible extremes which may 
be responsible for the less than ideal linker ratios. Firstly, there 
may be too little DABCO in the material. It is well established 
that pillared paddlewheel MOFs form via the initial formation of 
2D sheets followed by pillaring of sheets to form 
Zn2(NH2BDC)2DABCO.33,51 Incomplete pillaring may lead to mes-
oporous regions in the MOF. Furthermore, the decrease in 
DABCO linkers may reduce the available surface area (i.e. a de-
crease in DABCO units for N2 to interact with) or simply may not 
produce sufficient pillars to separate the 2D sheets in regions of 
the crystal structure. 

To the other extreme, there may be too much NH2BDC. This 
would suggest that there are impurities of another material 
which contains NH2BDC, but not DABCO. The impurities may be 
a MOF (e.g. MOF-5-NH2) or a coordination polymer containing 
Zn and NH2BDC.54,55 MOF-5-NH2 seems unlikely as it is porous 
(2040 m2/g) and thus would produce a more porous material; 
therefore it is more likely that a non-porous coordination poly-
mer is present.56 
 Ultimately, in the absence of structural insights, both ex-
tremes or a combination of both extremes may be responsible 
for the lower than expected BET surface area.   

3.3.2 PXRD results 
The PXRD of P1 – P5 are shown in Fig. 5. Close examination of 
the diffractograms indicates that they contain three distinct 
complexes. Comparing the simulated spectrum of 
Zn2(NH2BDC)2DABCO with P5, which exhibited the largest BET 
surface area of all the samples, indicates that P5 consists pri-
marily of crystalline Zn2(NH2BDC)2DABCO.  

As the surface area decreases, a series of amorphous peaks 
appear at 11.2 and 19.9° 2θ. Perhaps the most surprising sam-
ple is P3, which doesn’t exhibit any evidence of 
Zn2(NH2BDC)2DABCO, despite being porous. 

Notably, in P3 (and to a lesser degree in P1 and P2) is the 
presence of sharp diffraction peaks that are inconsistent with 
the simulated diffractogram of Zn2(NH2BDC)2DABCO. A search 
of Zn-BDC-containing moieties in the Cambridge Crystallo-
graphic Data Centre (CCDC) revealed that these two peaks 
match closely with the 1D zig-zag chain of Zn(H2O)2(BDC) (Fig. 
6). The slight differences in peak positions, towards larger dis-
tances (shorter angles), is consistent with an increase in the unit 
cell parameters due to the addition of the steric profile associ-
ated with the -NH2 moiety. 

 

 
Fig. 5 PXRD spectra for P1 – P5 as well as the simulated PXRD for Zn2(NH2BDC)2DABCO 
(black) and Zn(H2O)2(BDC) (red). 

 
Fig. 6 1D zig-zag chains of 6-coordinate Zn(H2O)2(BDC). Zinc (yellow), oxygen (red), car-
bon (blue), hydrogen (white). 

4 Discussion 
The synthesis of Zn2(NH2BDC)2DABCO, in comparison to 
Zn2(BDC)2DABCO, has proven to be more complex than first an-
ticipated. Simply substituting NH2BDC for BDC results in gas ad-
sorption isotherms of seemingly identical samples produced dif-
ferent BET surface areas as well as different types of hysteresis 
loops. Based on the characterization data, the products formed 
contain a uniform micropore consistent with 
Zn2(NH2BDC)2DABCO, mesopores of various sizes, a linker ratio 
that is inconsistent with the expected linker ratio, and the pres-
ence of three different phases in the PXRD. Fig. 7 illustrates a 
mechanism of formation for Zn2(NH2BDC)2DABCO based on the 
present data. 
 We hypothesize that, initially, 1D chains of Zn(H2O)2(BDC) 
form. This is in agreement with the PXRD of P1 – P3, which show 
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the presence of non-porous Zn(H2O)2(NH2BDC) 1D chains (Fig. 
5). Two of these 1D chains can come together (Fig. 7a) to form 
the 2D pillared paddlewheel sheets. These sheets are not ex-
pected to be porous as they would likely stack in an alternating 
fashion.33,51  However, it is well established that paddlewheel 
sheets can pillar via a ditopic neutral linker such as DABCO. As 
this process happens, a porous material begins to form.  

 
Fig. 7 (a) merging of 1D chains of Zn(H2O)2(NH2BDC) to form 2D paddlewheel sheets via 
(i) the dissociation of water, (ii) the breaking of intrachain Zn-carboxylate bonds, (iii) the 
formation of interchain Zn-carboxylate bonds. (b) a schematic illustrating how 1D chains 
can form 2D sheets followed by partial pillaring to form amorphous 
Zn2(NH2BDC)2DABCO, followed by additional pillaring to form crystalline 
Zn2(NH2BDC)2DABCO. 

P3 is amorphous (Fig. 5) and porous (Fig. 4), with a PSD (Fig. 
3) consistent with Zn2(NH2BDC)2DABCO. Given these observa-
tions, we hypothesize that below a critical linker ratio – P3 has 
the lowest NH2BDC:DABCO linker ratio (Table 1). We hypothe-
size that Zn2(NH2BDC)2DABCO in P3 is too flexible, resulting in 
the formation of an amorphous MOF (Fig. 5).57-60 However, once 
a critical linker ratio is obtained, Zn2(NH2BDC)2DABCO begins to 
form a more rigid structure (P5, Fig. 5). Interestingly, as evident 
by the PXRD and NMR of P5, the critical linker ratio occurs at 
around 60% pillaring. Therefore, samples below this critical ra-
tio contain a mixture of amorphous and crystalline 
Zn2(NH2BDC)2DABCO. 

5 Conclusions 
Using a combination of surface area measurements, NMR spec-
troscopy, and powder X-ray diffraction, the mode of formation 
of Zn2(NH2BDC)2DABCO was presented. In total, evidence for a 
1D chain of Zn(H2O)2(NH2BDC), amorphous 
Zn2(NH2BDC)2DABCO, and crystalline Zn2(NH2BDC)2DABCO was 
observed. If control over the formation of the amorphous and 
crystalline materials can be achieved, then the role of linker de-
fects and crystallinity on materials properties could be exam-
ined.  
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