Published on 06 September 2013. Downloaded by Northwestern University on 22/04/2014 15:39:45.

ChemComm

COMMUNICATION

RSCPublishing

View Article Online
View Journal | View Issue

A facile synthesis of UiO-66, UiO-67 and their

derivativest

Cite this: Chem. Commun., 2013,
49, 9449

Received 9th August 2013,
Accepted 28th August 2013

DOI: 10.1039/c3cc46105j

www.rsc.org/chemcomm

A scalable, reproducible method of synthesizing UiO-66- and UiO-67-
type MOFs, entailing the addition of HCl to the reaction mixture, has
been investigated. The new protocol requires a fraction of the time of
previously reported procedures, yields exceptional porosities, and
works with a range of linkers.

Metal-organic frameworks (MOFs)" are a class of porous materials
composed of organic struts joined with inorganic nodes. MOFs have
been studied extensively, and due to the wide variety of organic
linkers, they may be tailored to many applications such as gas storage*
and separation,” catalysis,” chemical sensing,” ion exchange,® drug
delivery,” and light harvesting.® One of the most attractive aspects of
MOF synthesis is that the organic bridging ligand can be synthetically
modified in order to introduce a desired functionality to the frame-
work. However, there are limitations to this approach and new
conditions may need to be worked out for modifications.

In the scope of our on-going investigations into the application
of MOFs for separations and catalysis, we turned our attention to
Zr-cluster-based MOFs due to their excellent thermal, aqueous, and
acid stability (Fig. 1).”"'® Several derivatives of these MOFs have
been synthesized with linkers possessing functional groups such as
amines, halogens, hydroxyls, or nitros.>'®"” Ui0-66 and UiO-67 are
two Zr-based frameworks used most often.'® Ui0-66 consists of a
cubic framework of cationic ZrO,(OH), nodes (formed in situ via
hydrolysis of ZrCl,) and 1,4-benzenedicarboxylate linkers (BDC);"****?
UiO-67 has a similar structure, except it utilizes biphenyl-4,4'-dicar-
boxylate (BPDC) linkers instead of BDC (Fig. 1)."* The structure
contains two types of cages: an octahedral cage (Fig. 1, large purple
sphere) that is face sharing with 8 tetrahedral cages (Fig. 1, small
purple spheres) and edge sharing with 8 additional octahedral pores.
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Fig. 1 The structure of UiO-67 showing a single octahedral cage (large
sphere). The face of each octahedral is shared with 8 smaller tetrahedral cages
(small spheres).

Oftentimes, in our hands, synthesizing UiO-66 derivatives having a
desired functionality has not been straightforward. To that end, post-
synthesis decoration of UiO-66-NH,, and Solvent-Assisted Linker
Exchange (SALE) have been previously demonstrated as powerful tools
to modify UiO-66 or UiO-66-NH,."?°?* Unfortunately, our attempts to
synthesize UiO-66-NH, via several direct protocols were inconsistent,
occasionally yielding a non-porous amorphous material. No obvious
factor could be identified to account for batch-to-batch differences.”
We were interested in developing a linker-general protocol by which
Ui0-66(67) derivatives could consistently be formed de novo.”* We thus
examined the utility of concentrated HCI in the formation of UiO-type
MOFs (see Table 1, Fig. 3 and 4, and ESIf); we speculate that the role of
the HCI is either to condition the solvent (N,N-dimethylformamide,
DMF) by neutralizing basic impurities (amines) and/or to assist in
forming hexa-Zr clusters prior to linker binding. Reproducible results
were obtained when a halfilled 8-dram vial containing a 1:1.4 molar
ratio of ZrCl, (0.54 mmol pre-dissolved in 5:1 v:v DMF:HCl) to
benzene-dicarboxylic acid (H,BDC; pre-dissolved in 10 mL DMF) was
heated at 80 °C overnight.>® A fine white powder settles after several
hours (see Fig. 2). Notably, a 50-fold scale up exhibited no change in
product crystallinity or porosity (see Fig. S13, ESI).
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Table 1 Observed and calculated BET surface areas

Calculated
geometric SA

Calculated
Experimental geometric SA

N, BET SA with 12 linkers with 8 linkers
Compound m>g™h per node (m”> g ') per node (m* g ")
Ui0-66 1580 800° 15507
Ui0-66-NH, 830%/1200 700 1150
UiO-66-(NH,), 540 450 —b
Ui0-66-OH 1000 600 1250
Ui0-66-(OH), 560 400 >
Ui0-66-NO, 860 500 1100
Ui0-67 2500 2700 3100
Ui0-67-NO,, 2160 2000 —b
Ui0-67-NH, 2080 2150 —b

“ HCl free synthesis. > Due to agreement between observed and 12-inker
calculated surface areas, geometric SAs for missing-linker versions were not
calculated. © A BET SA of 1100 m* g was obtained by fitting simulated iso-
therms. ¢ A BET SA of 1400 m? g~ was obtained by fitting simulated isotherms.

View Article Online

ChemComm

T
UiO-66-NO,

Ui0-66-(0H),

—~F -

) Ui0-66-OH

<

> Ui0-66-(NH,),

@ | -

S Ui0-66-NH,

=

cF X
Uio-66

UiO-66-simulated
20 25 30 35 40
26 (°)
Fig. 3 Simulated (black) and observed PXRD patterns of UiO-66 and derivatives;
the intensity from 10-40° is enhanced 10x for clarity.
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Fig. 2 HCl-free synthesis (left) and HCl-containing synthesis (right).

To gain mechanistic insight, the formation of UiO-66 was visually
monitored with and w/o HCIL. We initially observed the solubility of
ZrCl, in DMF is enhanced by HCI. Secondly, HCI speeds product
formation; after 2 h, a precipitate of UiO-66 is formed in an HCI-
containing vial, whereas none is observed in an HCl-ree vial (Fig. 2).
Apart from shorter or longer reaction time, syntheses at 120 or 60 °C
were similarly successful. The rest of the work presented herein is for
syntheses at 80 °C.”® Decreasing the amount of HCI (Fig. S3, ESI{)
slowed down MOF formation and decreased the surface area (SA,
Fig. S4, ESIT). We postulate that the presence of nearly 1.5 equivalence
of BDC per Zr may prevent nodes from joining each other. HCI aids
in dissociating linkers from nodes and ultimately speeds up the
connection of nodes to one another. While typically acid slows down
MOF formation, it speeds up formation for the case of UiO-66."*

In order to determine the synthetic generality of this protocol, we
extended the investigation to five UiO-66 derivatives: UiO-66-NH,, UiO-
66-(NH,),, Ui0-66-0OH,>* Ui0-66-OH),,”* and Ui0-66-NO,. Table 1 and
Fig. 3 and 4 summarize or show PXRD and isotherm data for
the parent and putative derivative compounds. The PXRD results
clearly show that all five derivative compounds are isostructural with
Ui0-66. In our lab only UiO-66 and UiO-66-NH, (intermittently) proved
accessible via standard literature procedures. Brunauer-Emmett-
Teller (BET) SAs of 1200, 540, 1000, 560, and 860 m”> g ' were
observed, respectively, for UiO-66-NH,, UiO-66-(NH,),, UiO-66-OH,
UiO-66-(OH),, and UiO-66-NO, (Fig. 4, Table 1).

Under this approach, we were also able to synthesize UiO-67 (BPDC
linkers), UiO-67-NO,, and UiO-67-NH, (see Fig. S2, ESIf for PXRDs).”’
BET SAs were 2500, 2160, and 2080 m* g~ * (Fig. 5, Table 1). Interestingly,
the SAs of the activated materials did not change when they were left for
a week on the bench, implying no degradation for at least a week.”®

The isotherms of all three UiO-67 derivatives show a step at
ca. 0.1 P/P, due to the presence of two types of pores (Fig. 1).
Pore size distribution analyses indicated that the octahedral pore has a
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Fig. 4 Nitrogen isotherms of UiO-66 and derivatives at 77 K.
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Fig. 5 N, isotherms of UiO-67 and derivatives at 77 K. Inset shows pore-size
distribution as determined via DFT (carbon slit pore N, 77 K kernel).
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diameter of 23, 21, or 21.5 A, while the diameter of the tetrahedral pore
is 11.5, 12, or 11 A, respectively for UiO-67, Ui0-67-NO,, UiO-67-NH,
(Fig. 5).%° These values are consistent with X-ray structural data.
Comparing the BET SAs obtained with the HCl protocol (Table 1)
with literature values shows that the HCI protocol yields unusually
high values."”**° Extant UiO-66 preparations have yielded SAs of
ca. 700-1400 m* g ',** versus 1600 m*> g ' here. For UiO-66-NH,,
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the average of several reported SAs is 850 m> g ', with one reaching
1206 m® g~ .>***! We obtained 1200 m” g™ '. Remarkably, for several of
the MOFs examined here, SAs derived from computationally simulated
N, isotherms or from geometric modeling of ideal crystals are smaller
than observed experimentally (Table 1).

Our working explanation for the unexpectedly large experimental
SAs is that a small fraction of linkers are absent (Fig. S5, S8 and S9,
ESI}).'%%2%%% Theoretical work by Sarkisov and Harrison has shown
that when small linkers (such as BDC) are missing, calculated SAs
increase.”> We find for several UiO MOFs that calculated SAs show
good agreement with experimental (Table 1) if four of twelve node
linkers are assumed missing. In order to probe the presence of missing
linkers, we examined the elemental analysis (EA), pore size distribution
analysis, PXRD, and thermogravimetric analysis (TGA) of UiO-66."*
Elemental analysis (Table S2, ESIT) illustrates that in the HCl-containing
synthesis there is more zirconium and less carbon content than in UiO-
66 made via the conventional route."* Consistent with missing linkers,
pore size distribution demonstrates that the smaller tetrahedral pore
shifts from ca. 8.5 A to ca. 11.5 A (Fig. S5, ESIT). Furthermore, calculated
and observed PXRDs indicate that the 200 reflection is systematically
more intense when linkers are missing (Fig. S6, ESIT). TGA of UiO-66
and UiO-67 (Fig. S8 and S9, ESIf) are characterized by a mass loss
between 500 and 600 °C that is attributable to linker volatilization.
Notably, the amount lost is ca. 10% less than expected if the
compounds have full complements of linkers.

Finally, eliminating anionic BDC units from UiO-66 necessitates
that clusters add oxo, hydroxo, aquo, or chloro ligands. Consistent
with this idea, the IR spectrum (Fig. S12, ESIf) of UiO-66 made via
the HCl route displays more peaks in the O-H stretching region than
does the conventionally prepared material; EA indicated that only
10% of the vacant sites contain a chloride anion. The combination
of experimental and theoretical data is consistent with the
hypothesis that the procedure described herein produces linker
defect sites in UiO-66 and some analogues.

Including HCI in reaction mixtures during the syntheses of
Ui0-66(67)-type MOFs reliably yielded products corresponding to each
of the nine materials targeted. Notably, some of these materials had
proven inaccessible by existing direct-synthesis protocols. With HCI, we
find that the syntheses can be greatly accelerated and that they can
scaled-up 50-fold without loss of crystallinity or porosity. N, SAs for
several of the studied compounds exceed the highest values expected
theoretically based on ideal crystals. The experimental SAs can be
computationally replicated, however, by assuming that each hexa-Zr
node coordinates ~ 8 linkers, rather than 12. TGA data provide support
for this explanation, while IR data imply that linker-vacated sites are
occupied by hydroxide ions.

OKF, JTH and RQS gratefully acknowledge DTRA for financial
support (grant HDTRA1-10-1-0023). YJC gratefully acknowledges
the NSF Graduate Research Fellowship (grant DGE-0824162).
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