REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection
of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
New Reprint -

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Are Zr6-based MOFs water stable? Linkerhydrolysis vs. WO11NF-13-1-0229

capillary-force-driven channel collapse 5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER

6. AUTHORS 5d. PROJECT NUMBER
Joseph E. Mondloch,a Michael J. Katz,a Nora Planas,b David Semrouni,
b, Laura Gagliardi,b Joseph T. Hupp*a and Omar K. Farha*ac Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT

Northwestern University Evanston Campus NUMBER

Office for Sponsored Research (OSR)
1801 Maple Ave.

Evanston, IL 60201 -3149
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS 10. SPONSOR/MONITOR'S ACRONYM(S)
(ES) ARO

U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT

P.O. Box 12211 NUMBER(S)

Research Triangle Park, NC 27709-2211 64434-CH.1

12. DISTRIBUTION AVAILIBILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department
of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

Metal-organic frameworks (MOFs) built up from Zr6-based nodes and
multi-topic carboxylate linkers have attracted attention due to their
favourable thermal and chemical stability. However, the hydrolytic
stability of some of these Zr6-based MOFs has recently been questioned.

Herein we demonstrate that two Zr6-based frameworks,
namelv1110-67 and N1 Hmn, are stable towards linker hyr‘rn]yc;c n

15. SUBJECT TERMS
Metal—organic frameworks (MOFs)

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF [15. NUMBER [19a. NAME OF RESPONSIBLE PERSON

a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES  |Omar Farha

uu uu uu uu 19b. TELEPHONE NUMBER
847-467-4934

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



Report Title
Are Zr6-based MOFs water stable? Linkerhydrolysis vs. capillary-force-driven channel collapse

ABSTRACT

Metal-organic frameworks (MOFs) built up from Zr6-based nodes and
multi-topic carboxylate linkers have attracted attention due to their
favourable thermal and chemical stability. However, the hydrolytic

stability of some of these Zr6-based MOFs has recently been questioned.
Herein we demonstrate that two Zr6-based frameworks,

namely UiO-67 and NU-1000, are stable towards linker hydrolysis in

H20, but collapse during activation from H20. Importantly, this framework
collapse can be overcome by utilizing solvent-exchange to

solvents exhibiting lower capillary forces such as acetone.



REPORT DOCUMENTATION PAGE (SF298)
(Continuation Sheet)

Continuation for Block 13

ARO Report Number 64434.1-CH
Are Zr6-based MOFs water stable? Linkerhydro...

Block 13: Supplementary Note

© 2014 . Published in Chem. Commun., Vol. Ed. 0 50, (1) (2014), (, (1). DoD Components reserve a royalty-free, nonexclusive
and irrevocable right to reproduce, publish, or otherwise use the work for Federal purposes, and to authroize others to do so
(DODGARS §32.36). The views, opinions and/or findings contained in this report are those of the author(s) and should not be
construed as an official Department of the Army position, policy or decision, unless so designated by other documentation.

Approved for public release; distribution is unlimited.



Published on 30 June 2014. Downloaded by Northwestern University on 31/01/2015 14:39:05.

ChemComm

COMMUNICATION

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

Are Zrg-based MOFs water stable? Linker
hydrolysis vs. capillary-force-driven channel

Cite this: Chem. Commun., 2014,
50, 8944

collapsef

Received 1st April 2014,
Accepted 20th June 2014

Joseph E. Mondloch,® Michael J. Katz,? Nora Planas,” David Semrouni,”

Laura Gagliardi,” Joseph T. Hupp*® and Omar K. Farha**°

DOI: 10.1039/c4cc02401j

www.rsc.org/chemcomm

Metal—organic frameworks (MOFs) built up from Zrg-based nodes and
multi-topic carboxylate linkers have attracted attention due to their
favourable thermal and chemical stability. However, the hydrolytic
stability of some of these Zrg-based MOFs has recently been ques-
tioned. Herein we demonstrate that two Zrg-based frameworks,
namely UiO-67 and NU-1000, are stable towards linker hydrolysis in
H.O, but collapse during activation from H,O. Importantly, this frame-
work collapse can be overcome by utilizing solvent-exchange to
solvents exhibiting lower capillary forces such as acetone.

Metal-organic frameworks (MOFs) are a rapidly growing class of
porous solid-state materials built up from inorganic nodes and
organic linkers." An important and emerging area of interest has
been assessing the stability of MOFs. Surprisingly, of the approxi-
mately 20 000 known MOFs,” only a few dozen exhibit both the
thermal and chemical stability desired for certain applications
(such as catalysis in harsh environments).* Examples of unusually
stable MOFs include various zeolitic imidazolate frameworks
(zIFs), MILs,> pyrazolate containing frameworks,® and MOFs
constructed from Zre-based nodes and carboxylate-terminated
linkers.> The prototypical example is UiO-66, a MOF built up
from Zr¢(O)4(OH), nodes and benzene dicarboxylate linkers;
Ui0-66 is thermally (up to 500 °C),> mechanically,” hydrolytically,
and chemically stable in a variety of organic solvents as well as
acidic and basic aqueous media.’® The stability of Zrs-based MOFs
is attributed to the highly oxophilic nature of the Zr'" sites and their
Coulombic interaction with negatively charged termini of linkers.

Despite this, the hydrolytic stability of some Zrs-based MOFs
has recently come in to question. For example, it was reported
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Scheme 1 Idealized molecular representations of (a) UiO-67 and (b) NU-1000.

that UiO-67 (Scheme 1)—a MOF isoreticular with UiO-66, but
containing extended biphenyl dicarboxylate (bpdc) linkers—is
not stable to H,O exposure.®® This lack of stability was attrib-
uted to linker hydrolysis engendered by clustering of H,O
molecules near the Zrg-based node (a phenomenon observed
for other carboxylate containing MOFs'®) and rotational effects
of the extended linker.® In contrast to these observations,
others have found excellent hydrolytic stability in Zre-based
MOFs with linkers of similar length to bpdc and even in MOFs
with larger linkers and hence pores.'

In the context of our labs’ recent efforts utilizing Zrs-based
MOFs,'? as well as our continuing efforts to elucidate the effects
of activation on the stability and porosity of MOFs,"* we hypo-
thesized that failures at the activation stage, as opposed to
inherent hydrolytic Zr-carboxylate bond stability, could be the
cause of the reported degradation of various Zrg-based MOFs.
Recall that activation entails removing guest molecules, such as
solvent or other chemicals utilized during synthesis, from the
MOF while maintaining its permanent porosity. We find that
addressing issues related to activation can often yield per-
manently porous MOFs. Chief among these issues are destructive

This journal is © The Royal Society of Chemistry 2014
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(i.e., channel-collapsing) capillary forces which are greatest when
solvent surface tension is high and when solvent molecules
adhere well to MOF cavities or channels (e.g., via strong hydrogen
bonding). Processes such as solvent-exchange,'* supercritical CO,
(scCO,) activation," and freeze-drying have all been employed to
help avoid channel collapse in MOFs."®

Herein we demonstrate that two Zrg-based MOFs, UiO-67
and NU-1000, are stable to linker hydrolysis under our experi-
mental conditions. However, both frameworks are susceptible
to capillary-force-driven channel collapse when activated directly
from H,O. Notably this can be overcome by simple solvent-
exchange to acetone. Understanding the differences between
linker hydrolysis and capillary-force-driven channel collapse will
have a profound impact on the practical limitations of these
Zrg-based MOFs. For example, the former calls into question the
viability of these frameworks for applications involving humid
atmospheres, chemical catalysis, and electrocatalysis. In con-
trast, applications like dehumidification based cooling'” could
indeed prove problematic if the H,O-condensation limit is
reached as capillary forces would then come into play during
MOF regeneration.

UiO-67 was synthesized using the procedure recently
reported by Katz et al.'*” The resultant powder X-ray diffraction
(PXRD) pattern, Fig. 1a black line, nicely matches the simulated
pattern of UiO-67 (gray line) confirming the bulk phase purity
of the material. Next we placed UiO-67 in H,O for 24 h and
examined its PXRD pattern. As one might expect given the
reported stability of the UiO series,® the PXRD pattern is
unaltered. However, upon heating the sample to 150 °C under
vacuum and removing the H,O molecules from the pores of
Ui0O-67 (i.e., activating the sample), a noticeable broadening of
the peaks at angles (20) of 5.8 and 6.7 degrees was observed
along with nearly complete disappearance of the peaks at
higher 20 (Fig. 1a, red trace).We suspected this loss of crystal-
linity was due to capillary forces that in turn cause partial or
complete framework collapse during activation. To circumvent
this problem we exchanged the H,O molecules to acetone and
subsequently activated the sample thermally (Fig. 1a, blue line).
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Pleasingly the crystallinity of UiO-67 was maintained after
solvent-exchange to acetone. We also rigorously quantified the
relative crystallinity for these UiO-67 samples (and NU-1000,
vide infra) in the ESLf

To further elucidate the effects of activating UiO-67 from both
H,O and acetone, N, adsorption isotherms of thermally activated
UiO-67 (i.e., DMF synthesis solvent evacuated), a sample activated
directly from H,O, and a sample activated via solvent-exchange to
acetone (Fig. 1c) were measured. Activation directly from H,O (red
triangles) leads to a complete loss of porosity. However, when
solvent-exchange to acetone is utilized the porosity of UiO-67 is
retained, Fig. 1c (comparison of black circles and blue squares).

Next we turned our attention to the MOF NU-1000
([Zrs(OH)16(TBApy),]) which is built up from Zrs(OH); contain-
ing nodes and 1,3,6,8-tetrakis(benzoate)pyrene (TBApy) linkers
(Scheme 1).'>% NU-1000 has triangular micropores as well as
exceptionally large mesopores (ca. 30 A diameter). In this
regard, NU-1000 should facilitate the permeation of H,O
throughout its structure and ensure H,O molecules can readily
access its node. Using the procedure detailed by Mondloch
et al.,"** NU-1000 was synthesized as a microcrystalline powder.
The PXRD pattern and N, adsorption isotherms are shown in
Fig. 1b and d (black line and black circles). Examination of the
PXRD patterns of NU-1000 soaked in H,O for 24 h but not
activated (Fig. 1b, green a line), activated directly from H,O
(Fig. 1b, red line), and solvent-exchanged to acetone followed by
thermal activation (Fig. 1b, blue line) reveal that the crystal-
linity is maintained except when NU-1000 is activated directly
from H,O. In particular the reflections centered at 5 and 7.5
degrees have broadened, while the peaks at higher angles have
decreased in intensity. Consistent with the UiO-67 sample, N,
adsorption isotherms (Fig. 1d) demonstrate that the sample
activated directly from H,O (Fig. 1d, red triangles) exhibits
significantly less porosity than either the pristine NU-1000
sample or the one activated via solvent-exchange (Fig. 1d, black
circles and blue squares). For example, the BET surface area of
the sample activated from H,O is 480 m> g™, while pristine
NU-1000 has a surface area of 2040 m* g~ .

0 02 04 0.6 0. 0.0 0.2 04 06 08 1.0
(c) PP, (d) PP,

Fig. 1 Normalized PXRD patterns of the simulated structures (gray line), parent MOFs (black line), MOFs in H,O (green line), MOFs thermally activated
from H,O (red line), and MOFs solvent-exchanged to acetone and subsequently activated (blue line) for UiO-67 (a) and NU-1000 (b). For UiO-67 (c) and
NU-1000 (d): N, adsorption isotherms of samples activated via thermal evacuation of the synthesis solvent (DMF or acetone, black circles), thermal
evacuation of H,O from the pores (red triangles), and exchange of H,O for acetone, and then thermal evacuation (blue squares). For clarity only every

other data point is displayed in the isotherms.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Molecular representations and DFT free energies (in kcal mol™
associated with the hypothetical hydrolytic degradation of UiO-67. In
parenthesis, the corresponding activation free energy.

We further ruled out the hydrolytic pathway in UiO-67 and
NU-1000 through a combination of NMR and IR spectroscopies
(ESTt) as well as quantum chemical characterization. "H NMR of the
filtrate from the H,O soaked samples showed no residual sign of
their linkers in solution. Diffuse Reflectance Infrared Fourier Trans-
form Spectroscopy (DRIFTS) demonstrated that both the UiO-67
and NU-1000 frameworks stayed intact after exposure to H,O,
solvent exchange to acetone, and finally thermally activating the
samples. In contrast, DRIFTS of the samples activated directly from
H,0 show broad stretches consistent with the presence of free
carboxylates and loss of framework porosity (i.e., node-linker bond
breaking occurring during activation). Interestingly we also per-
formed in situ DRIFTS experiments (ESIt). Exposure of UiO-67 and
NU-1000 to H,O vapour, followed by removal of excess H,O yielded
no detectable change in the DRIFTS spectra, a result suggesting that
the stability of these frameworks towards H,O vapor is different
than for condensed phase H,O. Finally, cluster model density
functional theory, DFT, calculations (at the M06-L level, see ESIt)
are consistent with the node of UiO-67 being stable towards
hydrolytic attack. The computed free energies of the proposed
degradation pathway are summarized in Fig. 2; the net free energy
is approximately +26 kcal mol " with an overall activation energy of
38 kcal mol . This is in good agreement with recent calculations
from Vermoortele et al. demonstrating that removal of CF;COO™
anions from Zr,, containing nodes is also thermodynamically uphill."®

Rather than hydrolytic instability through H,O clustering, our data
demonstrate instability arises from the presence of capillary forces
experienced during activation. Notably, mild activation strategies—such
as solvent-exchange (or scCO,, no surface tension}—can be utilized to
overcome framework collapse. While the surface tension of H,O is
significantly larger than that of acetone (72 mN m™ " vs. 26 mN m ™" at
25 °C),' a discussion based on the geometrical properties of the pores
of Ui0-67 and NU-1000, as well as the literature on confined H,O
(ESIY), brings additional insight into the behaviour of H,O molecules
and capillaty forces in Zrgbased MOFs. Although additional data

8946 | Chem. Commun., 2014, 50, 8944-8946
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would be required to quantify these effects, our initial exploration
suggests that H,O does not behave as a liquid in UiO-67, while it
should partially behave as a liquid in the larger pores of NU-1000.
This in turn implies that solvent-framework intermolecular forces
are significant in driving channel collapse for Zrs-based MOFs
when activated from H,O.
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