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ABSTRACT

Porous metal-organic framework (MOF) materials with high thermal and water stability are
desirable for various adsorption based applications. Early transition metal based MOFs such as
those built on zirconium metal have been well recognized for their excellent stability toward heat
and/or moisture. However, the difficulty of growing large single crystals makes their structural
characterizations challenging. Herein we report a porous Zr-MOF, [Zr¢O4OH)a(cca)s] (Zr-cca),
which is assembled from zirconium and 4-carboxycinnamic acid (H.cca) under solvothermal
conditions. Single crystal X-ray diffraction analysis reveals the structure of Zr-cca is isoreticular
to the prototype zirconium based MOF, UiO-66. Zr-cca shows permanent porosity upon removal
of solvent molecules initially residing inside the pores, with a BET surface area of 1178 m?%/g. As
expected, it exhibits good thermal stability (stable up to 400 °C) and high resistance to acidity
over a wide pH range. Evaluation of its gas adsorption performance on various hydrocarbons and
fluorocarbons indicates that it preferentially adsorbs Cs; and C4 hydrocarbons over C, analogues.
At 30 °C Zr-cca takes up more than 50 wt% of perfluorohexane and the adsorption-desorption
process is fully recyclable. We have compared this material with UiO-66 and studied the

underlying reasons for the difference in their adsorption performance toward perfluorohexane.



INTRODUCTION

Metal-organic frameworks (MOFs) are crystalline materials comprising infinite arrays of nodes
(clusters or metal ions) connected by organic ligands.! As a new class of multifunctional porous
material, MOFs feature high porosity and large degree of tunability. Research on MOFs has
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focused on their various applications, including gas storage and separation,” * catalysis,*

sensing,>” lighting®™® and so on. While having many advantageous features, a general drawback
of MOFs is their relatively poor stability, which cannot be neglected if their use in any of these
applications can be realized.' '* For example, some MOF materials show excellent performance
in gas adsorption/separation, surpassing that of traditional porous solid adsorbents, but their poor
stability under humid conditions makes it impractical for real applications.** Over the past few
years, tremendous effort has been made to enhance both thermal and water/moisture stability of
MOFs which has led to exciting progresses. Incorporation of early transition metals such as
zirconium into MOFs has been proven effective in improving their stability.’* ** Compared to
widely employed late transition metals such as zinc or copper, zirconium is of higher valence and
more oxophilic so that it tends to form stronger Zr-O bonds. Moreover, unlike zinc or copper
which commonly exist as mono- or binuclear metal building units in MOFs, zirconium typically
formulates into larger secondary building units (SBUs, such as Zrg cluster) that generate highly
robust MOFs (Zr-MOFs). Since the first group of Zr-MOFs reported in 2008, a large number of

new Zr-MOFs have been synthesized and characterized, most of which exhibit excellent

thermal/water stability and have been tested for various applications.

The most extensively studied MOF properties and applications are gas adsorption and related

gas storage and separation. Continuous progresses have been made in natural gas storage,'> '
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carbon dioxide capture,'” '* hydrocarbons separation, noble gas purification,”** to name a
few. While early studies focused mostly on hydrogen/methane storage or small gaseous molecule
separation, recently there has been an increasing interest in capture and sequestration of harmful
volatile organic compounds (VOCs) and fluorocarbons.** * Harmful VOCs such as aromatic
hydrocarbons are ubiquitous and dangerous to human health and can cause harm to the
environment. Even though fluorocarbons exist in low concentrations in the environment, their
global warming potentials (GWPs) as greenhouse species are hundreds times higher than that of
carbon dioxide.® MOFs can be promising sorbent materials for the capture of VOCs and
fluorocarbons considering their high porosity and tunable functionality. A previous research has
shown that a MOF material comprising highly fluorinated organic ligands is capable of

adsorbing a large amount of fluorocarbons within a short amount of time due to the specific

interaction between fluorinated ligands and fluorocarbons.*

Different from previous studies on fluorocarbon adsorption employing MOFs built of

delicate, highly fluorinated ligands or open metal sites,** *°

in this work we design and synthesize
an easily-made and highly stable MOF with saturated metal coordination and evaluate its
adsorption capacity towards fluorocarbons and VOCs. The MOF synthesized in this work,
[Zr604(OH)4(cca)s] or Zr-cca (cca = 4-carboxycinnamate), is an analogue of UiO-66 but
comprises a longer organic ligand.”” We have done a comprehensive study on its synthesis,
structure, stability, porosity, and adsorption toward various adsorbates. Zr-cca shows permanent
porosity and high thermal/water stability. It exhibits highly favorable adsorption toward C; and
C4 hydrocarbons over C, hydrocarbons, as indicated by isosteric heat of adsorption and IAST

adsorption selectivity calculations. We have also investigated its adsorption of VOCs and

selected fluorocarbons, including perfluorohexane, a greenhouse species that has been used



extensively in cooling of the electronics and that has a 100-year GWP 9300 times higher than

that of carbon dioxide.

EXPERIMENTAL SECTION

Materials and methods. All reagents were obtained from commercial sources and used without
further purification. Single crystal X-ray diffraction data were collected on a D8 goniostat
equipped with a Bruker PHOTON100 CMOS detector at Beamline 11.3.1 at the Advanced Light
Source (Lawrence Berkeley National Laboratory) using synchrotron radiation. Powder X-ray
diffraction patterns were recorded on a Ultima IV with Cu Ka radiation (A = 1.5406 A). Data
were collected at room temperature at 20 = 3-40° with a scan speed of 2 deg/min and operating
power of 40 kV and 44 mA. Thermogravimetric analysis was performed on a TA Q5000
analyzer. Around 2-5 mg of sample was heated from room temperature to 600 °C at a ramp rate
of 10 °C/min. Gas adsorption measurements were carried out on a Micromeritics 3Flex
volumetric adsorption analyzer. Liquid nitrogen and a circulating-bath digital temperature
controller were used for measurements at 77 K and temperatures around room temperature,
respectively. For each adsorption measurement, around 100 mg as synthesized sample was used

and activated at 150 °C under dynamic vacuum overnight prior to adsorption experiments.

Isosteric heat of adsorption. The isosteric heat of adsorption for each gas was calculated from
adsorption isotherms at three different temperatures (278, 288, and 298 K) using the virial

method.” The isotherms were first fitted with virial equation:

In(p) =In(v) +(1/T)g ayv' +§ by’

i=0 j=0



Where v, p, and T are adsorbed amount, pressure, and temperature, respectively. Isosteric heat of

adsorption can be obtained with the fitting parameter through the following equation:

g i
Q, =-Ra av

i=0

Where R is the universal gas constant.

IAST adsorption selectivity. IAST adsorption selectivities were calculated following
previously reported methods.'® ** Single component adsorption isotherms (at room temperature)
for each adsorbate were first fitted to the dual site Langmuir-Freundlich (DSLF) model and the

obtained parameters were used to calculate the adsorption selectivity between two components.

Material synthesis. Zr-cca was synthesized through solvothermal reaction. ZrOCl,-8H,O (64.4
mg, 0.2 mmol), benzoic acid (800 mg, 6.5 mmol) were ultrasonically dissolved in N,N-
dimethylformamide (DMF, 10 mL) in a 20 mL glass vial. 4-carboxycinnamic acid (H.cca, 38.4
mg, 0.2 mmol) was subsequently added to the solution and was then sonicated for 5 minutes
before being placed in an oven. After heating at 120 °C for 3 days the reaction was cooled to

room temperature. Colorless octahedral crystals were obtained through filtration.

Ui0-66 was prepared according to reported procedure® and the phase purity was confirmed by

powder X-ray diffraction and porosity characterization.



VOC:s and fluorocarbon adsorption measurements. Adsorption experiments of selected VOCs
and fluorocarbon were performed on a gravimetric adsorption unit modified from TA Q50
thermogravimetric analyzer. For each measurement, ~20 mg of as-synthesized Zr-cca sample
was loaded onto the platinum pan and heated at 150 °C under nitrogen flow for 2 hours to
remove any residues in the pores. After cooling down to 30 °C, another nitrogen flow passing
through the VOC bubbler connected to a condenser maintained at 18 °C was mixed with the pure
N, stream and then introduced to the adsorption chamber. Mass flow controllers were used to
control the flow rates of the two gas streams in order to maintain the partial pressure of the
adsorbate at certain level. Sample weight was recorded throughout the process, which dictates
the uptake amount of adsorbate with respect to time. Sufficient time was given for the adsorption

process to guarantee adsorption equilibrium was achieved under preset VOC concentration.

RESULTS AND DISCUSSION

Synthesis and crystal structure. Zr-cca was prepared solvothermally by heating a mixture of
ZrOCl,[]8H,0, H,cca and benzoic acid in DMF at 120 °C for 3 days (see experimental section
for detailed synthesis). Octagon-shaped crystals suitable for single crystal X-ray diffraction were
harvested. Structure analysis shows that Zr-cca crystallizes in the space group Pn-3 (see
Supporting Information Table S1 for detailed crystal data) with a formula of ZrsOs(OH)4(cca)s.
Similar to many other Zr-MOFs built with linear dicarboxylate linkers, Zr-cca is isoreticular to
UiO-66. The ZrsO4(OH)4(COO);, SBU is connected to twelve adjacent SBUs through cca linkers.
Two types of cages are found in the structure. One is tetrahedron with a pore size of ~6 A and the

other is octahedron with a pore size of ~8 A (Figure 1). The structure and pore shape/size of Zr-



cca are similar to a recently reported zirconium MOF, DUT-52, built on 2,6-

naphthalenedicarboxylate, which has similar length with cca.*

Figure 1. Crystal structure of Zr-cca. Green and blue spheres represent the tetrahedral and
octahedral cages in the structure, respectively. Color scheme: cyan (Zr), red (O), grey (C).

Hydrogen atoms are omitted for clarity.

As well recognized, acid modulators are usually necessary for the formation of crystalline Zr-
MOFs. The exact role of these modulators remains unclear, and possible explanations were
proposed from previous studies.* Acid modulators may serve as a competing agent to coordinate
with the metal thus slowing down the crystal growth rate to avoid fast precipitation of

amorphous products, which allows the formation of large MOFs crystals. For the synthesis of Zr-



cca, different acids were used as modulators. Replacing benzoic acid with acetic acid as
modulator resulted in the same phase, as indicated by PXRD analysis (denoted as Zr-cca-AA, see
Supporting Information Figure S8). Interestingly, when formic acid was used, a different
crystalline phase was obtained (denoted as Zr-cca-FA, See Supporting Information Figure S9). In
spite of the tremendous efforts made in optimizing the reaction conditions, crystals large enough
for single crystal X-ray diffraction analysis cannot be achieved for this phase. The porosity
analysis on Zr-cca-FA showed negligible N, adsorption at 77 K so its permanent porosity was
estimated by CO, adsorption at 273 K, which offered a BET surface are of 140 m?/g (Figure
S13). This compound also exhibits high stability in aqueous solutions (Supporting Information
Figure S11). Our results suggest that acid modulators may have served as templates in
solvothermal reactions, since a different structure with reduced porosity was obtained when
formic acid was used, an acidic modulator with smaller molecular size compared to benzoic or
acetic acid. It should be noted that this observation represents a rare case where different acid

modulators lead to different Zr-MOF structures.*

Porosity characterization and stability test. It is worth mentioning that Zr-cca can be fully
activated by direct heating at 150 °C and no solvent exchange is needed. Nitrogen adsorption-
desorption isotherm at 77 K was collected for Zr-cca in order to confirm its permanent porosity
upon removal of solvent initially residing inside pores. The observed Type I adsorption profile
indicates the microporous nature of the material (Figure 2). The BET surface area and total pore
volume of Zr-cca are calculated to be 1178 m?/g and 0.48 cm®/g, respectively, based on nitrogen
adsorption data collected at 77 K. Note these values are lower than those of UiO-66 which is
made of a shorter linker ligand, bdc. We also noticed that the experimental BET values for both

Zr-cca and DUT-52 are lower than their calculated value, which is ~ 1700 m?g for both



structures assuming 12 linkers per metal node.** While this discrepancy could be due to a number
of reasons, such as insufficient activation or partial structural degradation, we speculate that
the difference in their structural defects (missing linkers) may also contribute partially to the
observed porosity. UiO-66 is a well-known defect structure and the amount of missing linkers
vary from 8% to as high as 50%, depending on the synthesis conditions.'® The calculated BET
surface areas for UiO-66 are 800 m*g and 1550 m*/g for a SBU connectivity of 12 and 8,
respectively.” The UiO-66 sample tested in this work has an experimental BET surface area of
1240 m*/g, corresponding to an estimated 20% of missing linkers (defects)* while the value is
~10% for Zr-cca based on single crystal X-ray diffraction analysis. The pore size distribution
curve of Zr-cca shows two peaks centered at ~ 6 A and ~ 8 A, respectively, which is in excellent

agreement with the pore size measured based on its crystal structure.
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Zr-cca shows high thermal and water stability. This once again proves that the utilization of
early transition metals is an effective way to enhance the stability of MOFs. Zr-cca maintained its
crystallinity after being heated at 300 °C for 24 hours in open air (Supporting Information Figure
S6). Moreover, no structural change was observed for Zr-cca after being immersed in aqueous
solutions with a wide range of pH values (0 — 11), indicating its high resistance toward aqueous

or acidic/basic conditions (Supporting Information Figure S7).
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Figure 3. (a) Adsorption isotherms at 298 K and (b) Isosteric heat of adsorption of acetylene
(black), ethylene (red), ethane (blue), propylene (purple), propane (olive), and n-butane
(magenta) in Zr-cca. Desorption branches were omitted for clarity. (c) n-butane/ethane (black)

and propane/ethane (red) IAST selectivity of equimolar binary mixtures at 298 K.

Hydrocarbon adsorption. Since separation between light hydrocarbons is of high importance in
industrial applications, we studied the adsorption behavior of Zr-cca toward light hydrocarbons
(C,-Cy4). For example, natural gas liquids (NGLs) are currently a growing supply as feedstocks
for fuel and the chemical industry. Adsorptive-based separation can act as an alternative or
supplement to improve the efficiency of NGLs separation currently undertaken by energy-
intensive cryogenic distillation.* In addition, NGLs separation by MOFs has not been
extensively explored so far.’® We collected adsorption-desorption isotherms of six light
hydrocarbons (acetylene, ethylene, ethane, propane, propylene and n-butane, see Figure S15) at
three different temperatures (278, 288 and 298 K) and calculated the isosteric heat of adsorption
(Qs) for each gas based on these isotherm data. Both adsorbed amount and adsorption affinity

increase from C, to C4 hydrocarbons, as indicated by the shape of the adsorption isotherms and
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Qs (Figure 3). The uptake of C,, Cs, and C4 hydrocarbons at 1 bar and room temperature are 5.9 —
9.0 wt%, ~20 wt% and 26.7 wt%, respectively. The isosteric heat of adsorption for C,
hydrocarbons are ~ 25 kJ/mol while the values for C; and C, hydrocarbons are ~30 and ~60
kJ/mol, respectively. It is observed that the Qs values increase as the number of carbons
increases from two to four, as commonly seen in other cases.”> We believe that this is because
larger molecular size of adsorbates leads to stronger van der Waals interaction with the pore
surface of the adsorbent. Ideal adsorbed solution theory (IAST) was used to estimate the
adsorption selectivity of C; and C4 hydrocarbons over C, hydrocarbons. As shown in Figure 3c,
adsorption selectivity of n-butane/ethane and propane/ethane of equimolar binary mixtures at
298 K decrease as total pressure increase and reach a steady value of ~ 18 when total pressure
approaches to 1 bar in both cases. These high selectivity values are consistent with the single

component adsorption isotherms and isosteric heat of adsorption results.

Liquid hydrocarbons with high vapor pressure belong to the class of volatile organic
compounds (VOCs). We tested Zr-cca for the adsorption of common hydrocarbon VOCs such as
n-pentane, hexane isomers, and xylene isomers. The adsorption experiments were performed on
a home-modified thermogravimetric adsorption analyzer. Nitrogen was used as a carrier gas
which flows through a bubbler containing the liquid adsorbate and introduces the vapor into the
furnace where MOF sample was located and sample weight was monitored. As shown in Figure
S17, at 30 °C, Zr-cca takes up 20 — 35 wt% of these hydrocarbon VOCs. It was observed that the
adsorption rate decreases as the molecular size of the adsorbates increases. This is because the

size of large adsorbates such as 1,3,5-trimethylbenzene is approaching the pore size of Zr-cca.

Adsorption of perfluorohexane. Perfluoroalkanes are widely used as refrigerants, anesthetics,

as well as for many other industrial purposes. However, due to their long lifetime in the
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atmosphere, perfluoroalkanes are potent greenhouse gases with much higher GWP than carbon
dioxide. Capture of perfluorocarbons with porous sorbent materials has been proposed and tested
with highly fluorinated structures specifically, since the fluoro decoration could potentially
enhance the affinity between perfluoroalkanes and the sorbent. However these compounds are
difficult to prepare and lack of robustness.** Here we have attempted to use Zr-cca for the capture
of perfluoroalkane considering its relatively high porosity, excellent stability and facile
preparation. We selected perfluorohexane (PFC6) as a probe molecule because it is widely used
for low-temperature applications but has been identified as a potent greenhouse species with very
high GWP. The measurement was carried out in a similar method applied to VOCs adsorption
experiments. As shown in Figure 4a, Zr-cca was able to take up more than 50 wt% of
perfluorohexane at 30 °C within a couple of minutes upon exposure to the perfluorohexane
vapor. When the feed gas was switched from N, and PFC6 mixture to pure N», desorption began
to occur but slowly. However, when slight heating was applied, the adsorbed PFC6 was removed
rapidly and desorption quickly reached completion. The adsorption-desorption cycle was
repeated 10 times consecutively and the adsorption capacity was fully maintained after 10 cycles
(Figure 4b). Although Zr-cca does not have the highest PFC6 adsorption capacity, its facile
synthesis, excellent thermal and water stability, good recyclability render it a strong candidate for

adsorption and sequestration of PFC6.
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Figure 4. (a) Adsorption-desorption curve of perfluorohexane on Zr-cca at 30 °C. Black and red
curves indicate pure nitrogen and a mixture of nitrogen and perfluorohexane vapor (partial
pressure: 20 kPa) as feed gases, respectively. (b) Perfluorohexane adsorption cycles on Zr-cca.

Desorption was carried out at 100°C for 30 min under nitrogen.

For comparison purpose, we also collected perfluorohexane adsorption data on UiO-66.
Interestingly, while UiO-66 has a larger experimental BET surface area, it only adsorbs 45 wt%
of perfluorohexane under the same experimental conditions, which is lower than that of Zr-cca
(51 wt%). We speculate that this is because Zr-cca is more hydrophobic as a result of lower
degree of ligand defect (i.e. less amount of missing linkers), which in turn increases its affinity

for perfluorohexane. In order to confirm this hypothesis, we performed adsorption measurements
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of normal octane on both UiO-66 and Zr-cca at high temperatures (100, 110, 120, and 130 °C)
and calculated the isosteric heat of adsorption using these data. It is clearly visible that the
adsorption isotherms for Zr-cca are steeper than those for UiO-66, indicating a stronger affinity
for the former. The calculated isosteric heats of adsorption of normal octane are 64 and 55
kJ/mol, for Zr-cca and UiO-66, respectively, again supporting the above hypothesis. The above
results indicate the possibility of regulating the amount of missing linkers in order to control the

MOF hydrophobicity.
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Figure 5. n-octane adsorption isotherms on UiO-66 (top) and Zr-cca (bottom) at 100 °C (black),

110 °C (red), 120 °C (blue), and 130 °C (purple).

16



CONCLUSION

In conclusion, we have successfully grown single crystals of [ZrsO4(OH)a(cca)s] (Zr-cca),a UiO-
66 analogue, using a less symmetric 4-carboxycinnamic acid as the organic linker. Different acid
modulators were tested for the solvothermal synthesis reactions. Zr-cca exhibits high
thermal/water stability and permanent porosity. It shows selective adsorption toward C; and C4
over C, hydrocarbons with high selectivity. Adsorption of selected VOCs and perfluoroalkane in
Zr-cca shows that it takes up more than 50 wt% of perfluorohexane at 30 °C with excellent
recyclability. A comparison between Zr-cca and UiO-66 reveals a reverse relationship on the
MOF BET values and perfluorohexane loading amounts. A possible underlying reason is
elucidated based on the difference in the extent of ligand defects and related hydrophobicity. This
study suggests that stable, highly porous and site-modifiable MOFs can be designed for selected

capture and sequestration of VOCs and fluorocarbons.
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A single crystalline zirconium based MOF has been synthesized and characterized. With
microporosity and high thermal and water stability, the Zr-MOF shows selective adsorption of
light hydrocarbons. Its adsorption performance toward selected VOCs and fluorocarbon is also
evaluated.
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