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HIGHLIGHTS

Hydroxylation of theMFU-4lmetal

node creates a functioning

carbonic anhydrase mimic

High uptake volumes of adsorbed

carbon dioxide occur at low

pressures

Isotopic exchange of 18O from

H2O into CO2 is catalyzed by

MFU-4l-(OH)
The nodes of metal-organic frameworks are attractive sites for mimicking

metalloenzymes, primarily through their site isolation and similar ligand fields. In

this article, the metal-organic framework MFU-4l is shown to mimic the active site

of carbonic anhydrase with high structural fidelity and reactivity. The material

adsorbs high quantities of carbon dioxide at low pressures and mimics critical

features of carbonic anhydrase, such as isotopic exchange of oxygen atoms from

water and carbon dioxide.
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The Bigger Picture

Mimicking metalloenzymes at the

node of a metal-organic

framework (MOF) has the

potential to impart enzyme-like

catalytic activity within a

heterogeneous material.

Carbonic anhydrase, one of

nature’s fastest enzymes,

catalyzes the hydrolysis of carbon

dioxide into bicarbonate and

protons. Notably, carbonic

anhydrase mimics have been

proposed as potential catalysts
SUMMARY

Metal-organic frameworks (MOFs) have exciting potential for biomimetic

studies of enzymes, yet construction of high-fidelity models at the metal nodes

is challenging. Nonetheless, biomimetic MOFs have significant advantages,

such as increased stability and ease of separation, over their enzymatic and ho-

mogeneous counterparts, making them particularly attractive for industrial ap-

plications. Here, we demonstrate biomimetic behavior of Zn hydroxidemoieties

inside a MOF with structural and reactivity characteristics of carbonic anhy-

drase. Similar to the biological system, the MOF binds CO2 by an insertion

mechanism into the Zn–OH bond, leading to significant adsorption of CO2

(3.41 mmol/g). In reactivity mimicking that of the enzyme, the material also cat-

alyzes the oxygen isotope exchange between water and carbon dioxide. Over-

all, these results provide the strongest evidence yet of metal nodes in MOFs

bearing high structural fidelity to enzymatic active sites.
for carbon capture and

sequestration from the

environment. Here, we

demonstrate that the metal node

of MFU-4l, a MOF featuring a

metal node with a N3ZnX

coordination environment, can be

functionalized to give a mimic of

carbonic anhydrase. This work

describes a well-defined example

of a metal node within a MOF with

high structural fidelity to an

enzyme active site. It has potential

applicability to applications such

as CO2 capture and sequestration

and also important gas

separations involving CO2.
INTRODUCTION

Metal-organic frameworks (MOFs)arepromisingplatforms forbiomimetic studiesofmet-

alloenzymes.1–4 The connecting ends of organic linkers in MOFs, such as carboxylates

and triazoles, are comparable to the ligands that make up the active sites in metalloen-

zymes. Consequently, the metal nodes are attractive targets for biomimetic chemistry.

The advantages of performing biomimetic chemistry in MOFs over traditional homoge-

neous systems include (1) site isolation, preventing unwanted bimetallic reactivity and in

turnallowing for sterically unhinderedmetal sites;5 (2) tunableporeenvironments, afford-

ing hydrophilic or hydrophobic channels, which can mimic the channels found in the

enzymes;3 and (3) higher stability than with enzymes,6–9 potentially leading to broader

use of biomimetic chemistry in industrially relevant applications.

Carbonic anhydrase (CA) is a ubiquitous zincmetalloenzyme that catalyzes the hydration

of carbondioxide. The active siteofCA features adivalent zinc in aN3ZnOHcoordination

environment, where the zinc exhibits a tetrahedral geometry featuring three histidine

groups and a hydroxide (orwater) (Figure 1).10Much has been learned aboutCA through

modeling the active site with synthetic analogs,11 such as Tp(tBu,Me)ZnOH (Tp = tris(pyra-

zolyl)hydroborate), which reacts reversibly with CO2 and catalyzes oxygen atom ex-

change between CO2 and H2O.12–14 Accessing similar Tp-like environments within

MOFs would afford site-isolated examples of CA. One material whose secondary build-

ing units (SBUs) are almost exact structural mimics of the active site in CA is MFU-4l

(Zn5Cl4(BTDD)3 1, where BTDD2� = bis(1,2,3-triazolo[4,5-b],[40,50-i])dibenzo[1,4]dioxin)
(Figure 1).15–20 The SBUs, or metal nodes, in this material feature four peripheral zinc

chloride sites that are coordinated by three triazoles in C3 symmetry analogous to the

Tp ligand and, accordingly, CA (Figure 1).
Chem 4, 1–8, December 13, 2018 ª 2018 Elsevier Inc. 1



Figure 1. Structure of MFU-4l-(OH) (Top) and Comparison of the Active Site in Carbonic

Anhydrase with the Peripheral Zinc in MFU-4l (Bottom)

The structure of MFU-4l-(OH) (2) was modeled from the XYZ coordinates of an extended lattice

DFT model.
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In this article, we demonstrate that the metal node of MFU-4l (1) can be modified by

anion exchange to create a biomimetic model of CA. The addition of organic

hydroxide affords MFU-4l-(OH) (2), where original terminal N3Zn–Cl centers are

quantitatively transformed to terminal N3Zn–OH units. Characterization by X-ray

absorption spectroscopy confirms the installation of the hydroxide unit, and subse-

quent reactivity studies show that 2 reacts with CO2 and catalyzes oxygen atom

exchange between H2O and CO2 as well as the hydrolysis of 4-nitrophenyl acetate

(4-NPA), consistent with the activity of CA.

RESULTS AND DISCUSSION

Although the terminal chlorides in MFU-4l are known to exchange with a variety

of other anions, hydroxide exchange using KOH has been reported to cause

decomposition.21 However, we found that anion metathesis with hydroxide was
2 Chem 4, 1–8, December 13, 2018
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Figure 2. X-Ray Absorption Plots of MFU-4l (1) and MFU-4l-(OH) (2)

(A) XAS plot of the zinc K-edge XANES spectra for MFU-4l (1, red trace) and MFU-4l-(OH) (2, blue

trace).

(B) Magnitude of Fourier transform of k2-weighted EXAFS spectra of MFU-4l (1, red trace) versus

MFU-4l-(OH) (2, blue trace).
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possible through the addition of 10 equiv (2.5 equiv per peripheral zinc) of tetrabuty-

lammonium hydroxide, [TBA][OH], to a suspension of 1 in methanol, which yielded

MFU-4l-(OH) (Zn5(OH)4(BTDD)3, 2) as a beige microcrystalline solid. Analysis of 2 by

powder X-ray diffraction confirmed the retention of crystallinity (Figure S1). Fitting a

77 K N2 adsorption isotherm of 2 to the Brunauer-Emmett-Teller equation gave a sur-

face area of 2,739 m2/g, which, although lower than that of 1 (3,525 m2/g), confirmed

the retention of porosity after treatment with base (Figure S2). Thermogravimetric anal-

ysis of 2 revealed that it is less stable than its parent 1; its extrapolated onset decom-

position temperature occurs at 250�C, approximately 100�C lower than for 1 (Fig-

ure S6). Energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy

of 2 confirmed the quantitative replacement of chloride with hydroxide and revealed

no chlorine-specific peaks (Figures S4 and S5). Finally, diffuse reflectance infrared Four-

ier transform spectroscopy (DRIFTS) of 2 revealed a hydroxide O–H stretching band at

3,699 cm�1, a signal that was not observed in the DRIFTS data for 1 (Figure S9). Indeed,

the frequency of this band is comparable to that of the OH stretch found in the homol-

ogous molecular compound TptBu,MeZn(OH) (3,676 cm�1).11,12

To further characterize the incorporation of a Zn–OH site in 2, we analyzed the ma-

terial by X-ray absorption spectroscopy (XAS). Whereas both 1 and 2 had the same

Zn K-edge energy (9,663.6 eV), indicating a common oxidation state on zinc in both

materials (Figure 2A), a significant difference in the zinc coordination environment

became apparent when we compared the white line and near-edge regions for

the two materials: 2 exhibited a lower and broader white line than 1 and a near-

edge feature (�9,668 eV) higher than that of 1 (Figure 2A). Moreover, the extended

X-ray absorption fine structure (EXAFS) spectra of 1 and 2 indicated a difference in

the primary coordination sphere of zinc. In 2, the first shell peak shifted to a lower

radial distance and was less intense than the corresponding peak in 1 (Figure 2B),

consistent with a shorter Zn–X bond and scattering by a lighter element, such as ox-

ygen. Quantitative fitting of the EXAFS region for 2 was challenging because there

were two Zn2+ sites (N3ZnX and N6Zn) with distinct coordination environments, and

the small difference between the Zn–N bond length of the two sites made it difficult

to fit them as one path or separate paths. Consequently, we chose to fit the differ-

ence spectrum of 1 and 2; the similar coordination environments of the two Zn sites

removed the disordered Zn–N scattering in the data, and the fit provided informa-

tion regarding the Zn–X bond (see Figures S7 and S8 for further details). As a result,
Chem 4, 1–8, December 13, 2018 3



Figure 3. CO2 Isotherm at 298 K for MFU-4l (1; Red Diamonds) and MFU-4l-(OH) (2; Blue Circles)
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we obtained a satisfactory fit for the Zn–Cl bond distance of 2.17 Å in 1 and for the

Zn–O bond distance of 1.93 Å in 2. For comparison, an extended lattice calculation

on 2 (2-DFT [density functional theory]) computed a Zn–O bond distance of 1.84 Å

(see Supplemental Information), in good agreement with the EXAFS fitting (1.85 Å

for comparable molecular analogs) and with CA itself (1.9–2.1 Å).11

A critical step in CO2 hydration by CA is CO2 insertion into the Zn–OH bond. After

confirming the installation of the Zn–OH group, we probed its reactivity with CO2

by measuring its CO2 adsorption isotherm at 25�C (Figures 3 and S3). Notably,

the adsorption isotherm profile featured a significant uptake of CO2 between

0 and 17 Torr, corresponding to 0.86 mmol of CO2 per g of MOF. Importantly,

this is equivalent to 1.0 mmol of CO2 per mmol of MOF or the insertion of CO2

into one of four Zn–OH sites in each SBU. The isotherm profile became shallower,

and uptake of the remaining �75% CO2 occurred over a large pressure range of

17–800 Torr. The total CO2 adsorption capacity at 800 Torr was 3.41 mmol/g

(4.05 mmol of CO2 per mmol of MOF), which coincides with the total number of

Zn–OH sites (3.36 mmol/g) in the MOF. The initial steep uptake supports a strong

interaction between 2 and the first CO2 equivalent (per SBU), most likely stemming

from the insertion of CO2 into the Zn–OH bond, a unique CO2 capture mechanism

that has been observed only once before in a MOF.22 After the initial steep uptake,

the isotherm profile became shallower with increasing coverage, suggesting a

change in the interaction between the MOF and CO2 or a shifting of the hydrox-

ide-carbonate equilibrium with increasing CO2 pressure.

To gain more insight into the framework-adsorbate interaction, we determined the

coverage-dependent CO2 adsorption enthalpy (Qst) by measuring the CO2 adsorp-

tion isotherms at three different temperatures (288, 298, and 308 K) and fitting the

isotherm data to the virial equation (Figures S13 and S14).23,24 Other fitting routines,

including the Langmuir, Langmuir-Freundlich, and two-site Langmuir models, pro-

vided less satisfactory fits (Figures S11 and S12). With the virial equation, Qst at

zero CO2 coverage is 81 kJ/mol, a value much higher than those typically observed

in MOFs and other microporous materials25 and consistent with a chemisorption

event. Indeed, the Qst for CO2 insertion into metal–hydroxide bonds in

[MnIIMnIII(OH)Cl2(bbta)] and [CoIICoIII(OH)Cl2(bbta)] (H2bbta = 1H,5H-benzo(1,2-

d:4,5-d)bistriazole) is 99 and 110 kJ/mol, respectively.22 Notably, the coverage-

dependent Qs suggests a bimodal adsorption profile (Figure S15). With increasing
4 Chem 4, 1–8, December 13, 2018



Figure 4. Difference DRIFTS Plots Collected on MFU-4l-(OH) (2) with Increasing Concentrations

of CO2 in an Argon Carrier Gas

The shaded areas denote new bands assigned to vibrations of a bicarbonate ligand (HCO3
�). The

purple trace (0% CO2) was collected after the blue trace (4% CO2).
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coverage, Qst stays relatively constant up to �0.5 equiv of CO2 per SBU and then

gradually decreases until it reaches ranges between 62 and 35 kJ/mol for the second

CO2 equivalent and between 35 and 20 kJ/mol for the third CO2 equivalent. The

large, bimodal variation in Qst suggests that the adsorption mechanism changes

with increasing CO2 coverage.

We modeled CO2 insertion into the Zn–OH bond by using DFT (PBE/6-311G**). To

do so, we used a truncated model of the SBU, Zn5(OH)4(BTA)6 (BTA = benzotria-

zole). Optimization of the cluster model gave a Zn–O(H) bond distance of 1.85 Å

and Zn–N bond distances of 2.02–2.05 Å, consistent with the EXAFS fit and

extended lattice DFT model. Notably, although the calculated enthalpy of CO2

insertion into the first Zn–OH unit was �50 kJ/mol, the second, third, and fourth

CO2 molecules were calculated to bind, also by insertion into Zn–OH units, with

a lower energy of approximately �44 kJ/mol. The trend of decreasing binding

enthalpy is also in qualitative agreement with the experimental data. We postulate

that the conversion of the highly basic –OH to weakly basic –OCO2H perturbs the

coordination environment of the SBU enough to weaken the nucleophilicity of the

remaining three Zn–OH sites within a given metal node. Given that the nucleo-

philic strength of Zn–OH correlates with its reactivity toward CO2,
26 less nucleo-

philic Zn–OH units shift the Zn–OH + CO2 # Zn–OCO2H equilibrium to the left.

A comparable trend of initially high heat of adsorption to lower heat of adsorption

was observed in [MIIMIII(OH)Cl2(bbta)].
22

To determine the nature of the chemisorption interaction, wemonitored the reaction

between 2 and CO2 by DRIFTS. Exposing 2 to incremental increases in [CO2] from

1,000 to 4,000 ppm in an argon carrier gas resulted in the formation of new bands

in the DRIFT spectrum (Figure 4). By contrast, the addition of CO2 to 1 under the

same conditions resulted in no spectral changes (Figures S22 and S23). The new

spectral features in 2 are consistent with the formation of a zinc bicarbonate, which

is also the product of CO2 insertion in CA. Specifically, a new band at 3,626 cm�1 was

assigned to the O–H stretch.13 Bands at 1,660 and 1,245 cm�1 corresponded to the

O=C–O asymmetric and symmetric stretches, respectively.13 Additionally, bands at

1,018 and 1,423 cm�1 were associated with bending and stretching vibrations of the

COH group in bicarbonate. The observed stretches were comparable to those of the

molecular analog tBu,MeTpZn(OCO2H), which featured asymmetric and symmetric

O=C–O stretches at 1,675 and 1,302 cm�1, respectively.13 In addition, the IR
Chem 4, 1–8, December 13, 2018 5
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spectrum of [MnIIMIII(OCO2H)Cl2(bbta)] (M = Mn, Co) featured stretches at 3,682

(O–H), 1,224 (symmetric O–C=O), and 1,050 cm�1 (O–H bending).22 Purging the

DRIFTS setup with 100% argon flow resulted in the loss of the new signals and refor-

mation of the starting spectrum, consistent with a reversible reaction with CO2.

We further illustrated the critical role of the hydroxide ligand in CO2 uptake by

comparing the CO2 sorption properties of 1 and 2. MOF 1, containing a Zn–Cl

bond and a saturated metal center, showed a CO2 adsorption capacity at 800

Torr of 0.98 mmol of CO2/mmol of MOF (1.23 mmol of CO2 per g of MOF), which

is approximately four times smaller than the overall capacity of 2 (Figure 3). The

zero-coverage Qst, 20 kJ/mol, was also significantly lower than the Qst of 2 (Figures

S16–S19). Most notably, at 17 Torr, 2 adsorbed 0.99 mmol of CO2 per mmol of

MOF, which is approximately 300 times more CO2 than 1 (0.0031 mmol of CO2

per mmol of MOF) at the same pressure. The large uptake at low pressures dem-

onstrates the potential utility of CO2 insertion into the M–OH bond for CO2 sorp-

tion applications.

Next, we investigated the ability of 1 and 2 to perform CA-like reactivity. The central

function of CA is to rapidly interconvert H2O and CO2 as well as bicarbonate and

protons. We mimicked the interconversion in vitro by studying the exchange of
18O-labeled H2O with gaseous CO2 and periodically sampling the headspace to

monitor the distribution of CO2 isotopologues by gas chromatography-mass spec-

troscopy. Notably, in the presence of 2, the time to reach an equilibrium mixture of

the three possible CO2 isotopologues (C
16O2, C

16,18O2, and C18O2) was significantly

reduced to 5 hr from 10 hr without 2 (Figures S28–S31). Consequently, there must be

a rapid equilibrium for the Zn–OH + CO2 # Zn–OCO2H and Zn–OCO2H + H2O #

Zn–OH + H2CO3 reactions. It should be noted that 1 also decreased the time taken

to reach an equilibrium mixture of the isotopologues but was not as effective as 2

because it reduced the equilibrium time to 7 hr. This could be attributed to partial

hydrolysis of the Zn–Cl bond under the reaction conditions.

A second CA-like reaction often mimicked in vitro is the hydrolytic cleavage of

4-NPA. For instance, Jin and co-workers reported that the MOF CFA-1 (Zn5(OAc)4
(bibta)3, where bibta2� = 5,50-bibenzo[d][1,2,3]triazole, CFA-1)27 replicated the

chemistry of CA through hydration of CO2 and hydrolysis of 4-NPA.28 Using similar

reactivity conditions, we compared 1, 2, and CFA-1 for their activity in the hydrolysis

of 4-NPA (Figures S32–S34). The reactions were performed with �2.5 mol % (10 mol

% per Zn–X) MFU-4l (1) and MFU-4l-(OH) (2) in 50 mM HEPES buffer solution. They

were sampled after 3, 6, 24, and 48 hr and were monitored by UV-vis spectroscopy

for the formation of 4-nitrophenol (405 nm). A control reaction revealed small

(1.7% G 0.2%) conversion of 4-NPA after 24 hr in the absence of a MOF. Adding

1, 2, or CFA-1 to the reaction mixture increased the conversion yield to 11% G

2%, 15% G 2%, and 14% G 2%, respectively, at the 24 hr time point. In the conver-

sion to mmol of product per mmol of Zn–X sites, this corresponds to low values of

1.2 G 2, 1.8 G 2, and 1.0 G 1 for 1, 2, and CFA-1, respectively (Table S5). MFU-

4l-(OH) 2 outperformed both 1 and CFA-1, most likely because 1 and CFA-1 need

to undergo ligand exchange to generate the Zn–OH active site. The low turnover

number could be caused by pore blocking or slow diffusion through the micropores.

Critically, this demonstrates that the N3ZnOH coordination environment in 2 is a

functional mimic of the CA reactivity.

In summary, we have demonstrated that the metal nodes of MFU-4l can be function-

alized to create a high-fidelity biomimetic model of the CA active site. Reactions
6 Chem 4, 1–8, December 13, 2018
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performed by the enzymes, such as CO2 insertion into the Zn–OH groups of the

metal nodes and hydrolysis of 4-NPA, are mimicked in the MOF. These results

demonstrate a rare example of functionalizing a MOF metal node to mimic the ac-

tivity of an enzyme. The nascent field of biomimetic chemistry in MOFs holds poten-

tial for future understanding of enzyme chemistry and also the potential to perform

enzyme-inspired reactions in stable frameworks. For instance, the insertion of CO2

into a metal-hydroxide bond could lead to CO2 separations with limited energy

cost in regeneration, a concept we are currently exploring through implementing

the chemistry of 2 in membrane composites for gas separations.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, 36 fig-

ures, and 8 tables and can be found with this article online at https://doi.org/10.
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General Procedures 

Materials 

ZnCl2⋅6H2O (99.9%, Alfa Aesar), HCl (32-35%, BDH – VWR Analytic) methanol (99.9%, VWR), N,N-

dimethylformamide (DMF, 99.8%, Millipore), ethanol (ACS grade, Mallinckrodt), tetra-n-butylammonium 

hydroxide (1.5 M, water, Sigma Aldrich) were used as received. MFU-4l was synthesized using previously 

published procedures.1  

Powder X-ray Diffraction (PXRD) patterns were recorded with a Bruker Advance II diffractometer equipped 

with a θ/2θ Bragg-Brentano geometry and Ni-filtered CuKα radiation (Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα1/ Kα2 

= 0.5). The tube voltage and current were 40 kV and 40 mA, respectively. Samples for PXRD were prepared by 

placing a thin layer of the appropriate material on a zero-background silicon crystal plate. 

Gas adsorption isotherms were measured by a volumetric method using a Micromeritics ASAP 2020 gas 

sorption analyzer. Typical samples of ca. 40–80 mg, preactivated at >100°C to remove all residual solvent, were 

transferred in an Ar-filled glovebox to a pre-weighed analysis tube. The tube with sample inside was weighed 

again to determine the mass of the sample. The tube was capped with a Micromeritics TranSeal™, brought out of 

the glovebox, and transferred to the analysis port of the gas sorption analyzer. Free space correction 

measurements were performed using ultra-high purity He gas (UHP grade 5, 99.999% pure). Nitrogen isotherms 

were measured using UHP grade Nitrogen. All nitrogen analyses were performed using a liquid nitrogen bath at 

77 K. Carbon dioxide isotherms were measured using Research grade carbon dioxide (99.999%). Carbon dioxide 

analyses were performed at varying temperatures in a water/ethylene glycol isothermal bath. Oil-free vacuum 

pumps were used to prevent contamination of sample or feed gases. 

Thermogravimetric Analysis (TGA) was performed on a TA Instruments Q500 Thermogravimetric Analyzer at 

a heating rate of 2 °C/min under a nitrogen gas flow of 10 mL/min. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were performed on a 

Bruker Tensor 37 with a mercury cadmium telluride detector cooled to 77 K. Data were collected in 

“MIR_DRIFTS” mode with a 6mm aperture setting and a KBr beam splitter using a DiffusIR accessory made by 

Pike Technologies in an in-situ cell equipped with a ZnSe window.  Data was averaged over 32 scans between 

4000 and 600 cm–1. Samples were diluted with KBr to ~5% by weight and loaded in to ceramic sample cup. A 

background of KBr was subtracted from the data.  
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Synthesis of MFU-4l-(OH) (2).  

tetrabutylammonium hydroxide (2.7 mL, 4.1 mmol, 20 equiv.) was added dropwise to a gently stirring suspension 

of MFU-4l (1) (255 mg, 0.202 mmol) in methanol under a nitrogen atmosphere. The mixture was slowly stirred 

for 18 hours, then the solid was isolated on a medium porosity frit in air. The solid was washed with MeOH (12 × 

30 mL portions) over 48 hours to remove [TBA][Cl] and excess [TBA][OH]. The solid was dried under vacuum 

at 110 °C for 18 hours and stored in an argon glove box prior to use. Amount isolated: 200 mg, 85% yield. 
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Powder X-ray Diffraction  

 

Figure S1. Powder X-ray diffraction pattern of an activated sample of MFU-4l-(OH) (2) (top trace, red) and the 

simulated pattern of MFU-4l-(OH) (2) (bottom trace, blue) as determined from the DFT extended lattice model. 
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Gas adsorption isotherms 

 

 

Figure S2. N2 adsorption isotherm at 77 K before (blue circles) and after exposure to CO2 (light blue circles). 

BET surface areas: before, 2739 m2/g; after 2875 m2/g. 

Table S1. BET parameters and pressure ranges used for the calculation of the BET surface area for MFU-4l-

(OH). 

Material MFU-4l-(OH) before CO2 MFU-4l-(OH) after CO2 

BET surface area 2739 m2/g 2875 m2/g 

P/P0 range 0.009 – 0.055 0.009 – 0.051 

C 244.4 206.2 

Vm 629 m2/g 661 m2/g 

P/P0 (@ Vm) 0.07 0.096 

1/(√C+1) 0.060 0.065 
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Figure S3. Comparison of the CO2 adsorption isotherms of MFU-4l-(OH) (2) (blue circles) and MFU-4l (1) (red 

diamonds) at 298 K. The closed symbols denote the adsorption phase and the open symbols represent the 

desorption phase. 
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X-ray Photoelectron Spectroscopy 

 

Figure S4. High resolution XPS spectra of MFU-4l (1, red line) and MFU-4l-(OH) (2, blue line) in the Zn2p and 

Cl2p regions. The lack of signal in the Cl2p region for 2 is consistent with no chloride present.  
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Figure S5. Energy-dispersive X-ray spectroscopy of MFU-4l (1) (left, red) and MFU-4l-(OH) (2) (right, blue). 

The EDXS spectrum of 2 indicates no chloride in the bulk sample supporting exchange of OH for Cl. The Si 

signal is from the substrate material. 

 

 

  



S9 
 

 

Figure S6. Thermogravimetric analysis (TGA) curves for MFU-4l (1, red) and MFU-4l-(OH) (2, blue). 
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X-ray Absorption Spectroscopy (XAS) Analysis of MFU-4l-(OH) and MFU-4l 

X-ray absorption spectroscopy measurements at the Zn K edge (9658.6 eV) were performed on the 10-ID line 

of the Materials Research Collaborative Access Team (MRCAT) at the Advanced Photo Source (APS), Argonne 

National Laboratory. 

Below are the XANES plot of MFU-4l (1) and MFU-4l-(OH) (2) (Figure S7). Both samples have the same 

edge energy of 9663.6 eV characteristic of Zn(II). The whiteline and near edge features, however, are different 

between the two samples. The MFU-4l-(OH) has slightly lower and broader whiteline compared to MFU-4l. The 

near edge feature after whiteline is higher, which is evident of changes in the coordination environment around 

Zn. More information is obtained from the EXAFS spectra (Figure S8). Compared to MFU-4l, the first shell 

EXAFS peak of MFU-4l-(OH) sample shift to lower radial distance, which corresponds to a shorter average bond 

distance and is consistent with the proposed ligand replacement of Cl by OH. In addition, the first shell peak of 

MFU-4l-(OH) sample decreases slightly in intensity, again consistent with oxygen being a lighter scatter 

compared to Cl. 

 

Figure S7. (A) XANES plot of the zinc K-edge for MFU-4l (red trace) and MFU-4l(OH) (blue trace). (B) 

Magnitude of Fourier transform of k2 weighted EXAFS spectra of MFU-4l (1) vs MFU-4l-OH (2). 

Quantitative EXAFS fitting.  

To directly examine the coordination environment around Zn and obtain quantitative information, we turn to 

EXAFS fitting. In a typical fitting approach, we examine the EXAFS data of a certain sample and how close it is 

to the simulation from a proposed structure model. Briefly, an initial bond length and coordination number from 

certain structure model is used in the fits and fitting the data gives the amplitude reduction factor S0
2, energy shift 

ΔE0, bond distance difference ΔR and Debye-Waller factor σ2 values, which are all reflective of whether the 



S11 
 

model is physically close to the real sample. A good fit is obtained by adjusting the model (coordination number 

as well as bond distances) until reasonable S0
2, ΔE0, ΔR and σ2 values are obtained.  

For this sample, direct fitting of the EXAFS data of a certain sample is very challenging due to the presence 

of two types of Zn with distinct coordination environments (central Zn in an N6Zn environment and peripheral Zn 

in a N3ZnX environment). These two types of Zn have Zn—N bonds in two sets of different distances, but the 

bond distances do not differ significantly, making it hard to fit them as either one path or separate paths. 

Alternatively, we take the difference between the EXAFS (χ(k)) of MFU-4l and MFU-4l-OH and fit the 

difference spectrum (Figure S8A). Due to the presumably similar overall Zn coordination environment between 

the two samples, taking this difference should, at best if not totally, remove the same multiple Zn—N scatterings 

in the data. According to the proposed sample structure, this difference EXAFS represents the coordination 

change due to the anion exchange, corresponding to 0.8 Zn—Cl scattering plus – 0.8 Zn—O scattering. The 

coordination number is 0.8 instead of 1 since the one Zn—X coordination change on each four peripheral Zn is 

averaged to all five Zn in each SBU in EXAFS which is a bulk average technique. The “negative” Zn—O 

scattering is due to the data subtraction and equivalent to a Zn—O scattering with inverse phase shift and can be 

simulated and fit in the Artemis software.1 Figure S8b shows the imaginary part of the fit summing an inverse 

Zn-O path and a Zn-Cl path. 

 

Figure S8. (A) Fitting results (red) of the difference EXAFS spectra between MFU-4l and MFU-4l-OH (blue), 

the plots show the magnitude (solid) and imaginary part (dash) of the Fourier transform of k2 weighted EXAFS, k: 

2.7 – 10.0 Å-1, R: 1.0 - 2.3 Å; (B) Comparison between the summed imaginary part with that of the Zn—O and 

Zn—Cl scattering path. The two different paths happen to show strong deconstructive interference between 1.1 Å 

and 1.7 Å.  
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The approach of fitting of the difference spectrum resulted in a satisfactory fit of Zn—Cl bond of 2.17 Å and 

Zn—O bond of 1.93 Å, with an amplitude reduction factor of 0.93. The obtained Zn—Cl bond distance is very 

similar to the calculated bond distance for MFU-4l as well as the Ni—Cl and Co—Cl bond distances obtained 

from previous EXAFS fitting of the Ni and Co-MFU-4l samples (~2.15 Å). The Zn—O bond distance is longer 

than the value from DFT calculation but is within the reasonable range for Zn—O bonds in tetrahedral geometry. 

For instance, ZnO has tetrahedral Zn—O bonds of 1.97 Å. Other common compounds of late 3d transitional 

metals in tetrahedral geometry also feature O bonds in a distance between 1.9 and 2.0 Å. The amplitude reduction 

factor S0
2 in the fit is also close to the value obtained from ZnO reference (0.97), confirming that this is a 

physically reasonable fit. In addition, the fit well explains the dip at around 1.5 Å (phase uncorrected distance) in 

the magnitude of k2 weighted difference EXAFS (Figure S8a). This feature comes from a strong deconstructive 

interference between Zn—Cl and inverse phase Zn—O scattering as shown in Figure S8b. The fit is also 

consistent with varied data range in k and R space of the data.  

Overall, both qualitative and quantitative analysis of the XAS data verifies that in the MFU-4l-(OH) sample, 

the original Cl ligand attached to the Zn in the ion exchange site of MFU-4l has been replaced by OH ligand. 

Table S2. Fitting results for the difference EXAFS between MFU-4l (1) and MFU-4l-(OH) (2) and ZnO 

reference. 

Sample Scattering 
Pair S0

2 * CN Bond Length 
(Å) * ΔE0 (eV) * σ2 (Å 2) * 

ZnO Zn—O 0.97 4 1.97 3.0 0.005 

MFU-4l – 
MFU-4l-OH 

Zn—Cl 
0.93 

0.8 2.17 
1.6 

0.004 

Zn—O 0.8 1.93 0.005 

* The average error in S0
2 is 0.2, in bond length is 0.02 Å, in ΔE0 is 2.0 eV and in Δσ2 is 0.002 Å. 
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IR spectroscopy 

 

Figure S9. DRIFT spectrum of MFU-4l (1) (top, red trace) and MFU-4l-(OH) (2) (bottom, blue trace). 

  



S14 
 

Digestion of MFU-4l-(OH) in D2SO4 

 

Figure S10. 1H NMR spectrum (D2SO4, 300 MHz) of MFU-4l-(OH) (~3.5 mg) digested in D2SO4. The 1H NMR 

spectrum shows the presence of the ligand in the digested sample. No signals corresponding to the nBu4N+ cation 

was observed in the spectrum revealing the cation does not remain in the MOF after anion exchange.   
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Isosteric Heats of Adsorption Calculations 

To determine the isosteric heat of adsorption (Qst) for substrate binding, we measured isotherm data for each 

material at a minimum of three different temperatures. Initial attempts to fit the adsorption isotherm data to the 

Dual-Site Langmuir model (eq. 1) resulted in a poor fit in the low-pressure region (Figure S11) producing heat of 

adsorption values (Figure S12) of questionable accuracy. As a result, the adsorption isotherms at three 

temperatures were simultaneously fitted to a Virial-type expression (eq. 2).2 The virial model has been extensively 

used to calculate heats of adsorption from isotherm data as the isotherms plot coverage as a function of pressure 

and provides more reasonable values of Qst irrespective of the adsorption mechanism.3 Fitting with the virial-

equation provided better low pressures fits (Figure S13).  

𝑛 =  
𝑞𝐴𝑏𝐴𝑃

1+ 𝑏𝐴
+  

𝑞𝐵𝑏𝐵𝑃

1+ 𝑏𝐵
           (1) 

ln 𝑝 = ln 𝑛 + (
1

𝑇
) ∑ 𝑎𝑖𝑛𝑖 +𝑚

𝑖=0 ∑ 𝑏𝑛𝑖𝑛
𝑖=0           (2) 

𝑄𝑠𝑡 =– 𝑅 ∑ 𝑎𝑖𝑁𝑖𝑚
𝑖=0            (3) 

The fitting parameters for each adsorbent is given below the respective figure. The number of virial 

coefficients was considered satisfactory when the fit did not improve with added a or b parameters. The quality of 

the fit was evaluated by comparing adjusted R2 values and the residual sum of squares, in addition, to visually 

inspection of the fit. It should be noted; some fits feature significant derivations between the virial model and the 

experimental data at higher pressures. The values of the virial coefficients a0 through am were then used to 

calculate the  isosteric heat of adsorption using equation 3. 

For CO2 adsorption of MFU-4l, the heat of adsorption at the zero-coverage limit was also calculated from the 

Henry’s constant KH (cm g-1 kPa-1), which can be determined from the linear region of the isotherm at very low 

pressures. In the linear region the amount adsorbed follows Henry’s Law (eq. 4). The heat of adsorption is 

calculated using the Clausius-Clapeyron equation. 

𝑛 =  𝐾𝐻𝑃            (4) 
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CO2 adsorption for MFU-4l-(OH) 

 

Figure S11. CO2 adsorption isotherms of 2 measured at 288 K (red circles), 298 K (purple diamonds), and 308 K 

(blue triangles). (A) shows the full pressure range and (B) shows the low-pressure region. The symbols represent 

data and the lines represent the DSL model fit. Given the poor fits at low pressure, the DSL model provided an 

unreasonable Qst (Figure S12). As a result, we did not use the DSL model to determine the Qst. 
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Figure S12. Coverage-dependent CO2 adsorption enthalpy for 2 as obtained from Dual-Site Langmuir model of 

the CO2 sorption isotherms. The poor fit in the low-pressure region indicates the heat of adsorption between 0 and 

1 mmol/g coverage is of questionable accuracy. 
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Figure S13. CO2 adsorption isotherms of 2 measured at 288 K (red circles), 298 K (purple diamonds), and 308 K 

(blue triangles). The lines represent the Virial fitting of the adsorption isotherms. 

Table S3. Virial fitting parameters for the adsorption of carbon dioxide by MFU-4l-(OH). 

index ai bi Standard Error ai Standard Error bi 

0 -9730.85061 29.74961 726.0938 2.42089 

1 541.98762 7.09937 1978.2961 6.57413 

2 3045.31104 -12.86594 1459.1224 4.78533 

3 -973.31472 2.91462 339.78303 0.98805 

4 83.64366  49.61208  

5 -9.7301  5.08917  

R2 0.9971    

chi squared 0.0377    
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Figure S14. CO2 adsorption isotherms of 2 measured at 288 K (red circles), 298 K (purple diamonds), and 308 K 

(blue triangles). The logarithmic scale is shown to display the good fit at low pressures. The lines represent the 

Virial fitting of the adsorption isotherms. 
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Figure S15. Coverage-dependent CO2 adsorption enthalpy for 2 as obtained from fitting the Virial equation to 

three different temperature CO2 isotherms. The lines indicate the number of equivalents of CO2 per metal node 

(1st equiv., 0.85 mmol/g; 2nd equiv., 1.70 mmol/g; 3rd equiv., 2.55 mmol/g). The total number of Zn—OH sites is 

3.41 mmol/g. 
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CO2 adsorption MFU-4l 

 

Figure S16. CO2 adsorption isotherms of 1 measured at 283 K (turquoise squares), 298 K (yellow circles), and 

313 K (orange triangles). The lines represent the Virial fitting of the adsorption isotherms. 

Table S4. Virial fitting parameters for the adsorption of carbon dioxide by 1. 

index ai bi Standard Error ai Standard Error bi 

0 -2266.96577 13.72805 298.39770 1.00388 

1 497.43778 -1.02126 677.18815 2.18717 

2 -79.71544  57.70613  

R2 0.9879    

chi squared 0.0758    
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Figure S17. Coverage-dependent CO2 heat of adsorption for 1 as obtained from fitting the Virial equation to three 

different temperature CO2 isotherms. The Qst at zero coverage is 18.8 kJ/mol. 
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Figure S18. Determination of the Henry’s constant for CO2 adsorption in MFU-4l (1). 
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Figure S19. lnKH versus 1/RT plots for CO2 adsorption in MFU-4l. Using Henry’s constant method, the heat of 

adsorption at zero coverage is 20.8 ± 2 kJ/mol. 
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Diffuse Reflectance IR Spectroscopy  

 

Figure S20. DRIFT spectra for CO2 adsorption by MFU-4l-(OH) (2) at different concentrations of CO2. The 

concentration was increased from 1 to 2 to 4%. The difference spectrum in Figure S21 reveals the formation of 

bicarbonate ligand. 
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Figure S21. Difference DRIFT spectra for CO2 adsorption by MFU-4l-(OH) (2) at different concentrations of 

CO2 in argon. The concentration was increased from 1 to 2 to 4% and then decreased to 0% CO2. The shaded 

areas represent new bands that grow in with increasing CO2 concentration that are associated with a Zn—CO3H 

group, notably, these disappear when exposed to 100% argon flow. 
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Figure S22. DRIFT spectra of MFU-4l (1) with increasing concentrations of CO2. The peak at 2362 cm–1 is the 

asymmetric stretch of gaseous CO2 and indicates no reaction with the MFU-4l framework. The difference 

spectrum is given below in Figure S23. 
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Figure S23. Difference DRIFT spectra of MFU-4l (1) under increasing concentrations of CO2. The peak at 2362 

cm–1 is the asymmetric stretch of gaseous CO2. No other peaks are observed indicating no reaction between CO2 

and MFU-4l.  
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Water Stability of MFU-4l-(OH) 

MFU-4l-(OH) was submerged in water for a set period (6 & 24 hours) and then analyzed by powder X-ray 

diffraction. Prior to recording the PXRD pattern, the material was washed with methanol (3 × 2 mL) to allow for 

better drop casting on to the ZBH plate. 

 

Figure S24. Powder X-ray diffraction patterns for MFU-4l-(OH) (grey trace), after submersion in water for 6 

hours (red trace), and after submersion in water for 24 hours (blue trace). The materials remained crystalline after 

submersion in water. 
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Buffer Stability Studies 

The stability of MFU-4l-(OH) in a variety of different buffer systems was examined. Buffer systems with pH 

of 8.0–9.0 were tested. A sample of MFU-4l-(OH) (~15 mg) was submerged in a buffer solution (3 mL) for 3 

hours. The solution was decanted, and the MOF was washed with MeOH (3 × 10 mL). A material was analyzed 

by PXRD. 

Table S5. Buffer systems tested for water stability of MFU-4l-(OH). 

Entry Buffer System Buffer Concentration pH 

1 K3PO4 / NaOH 1.0 M 8.0 

2 TRIS-HCl 1.0 M 8.0 

3 NaHCO3 / Na2CO3 0.2 M 9.0 

4 HEPES 50 mM 8.0 

5 Pure water n/a 7.0 
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Figure S25. Powder X-ray diffraction of MFU-4l-(OH) (2) after submersion in buffer solution. After submersion 

in HEPES and TRIS-HCl the crystallinity is retained as indicated by the PXRD pattern. The phosphate buffers 

lead to a significant increase in the feature at ~4.8°, which is ascribed to the exchange of the hydroxide ligand for 

phosphate of the buffer. These materials exhibit IR stretches consistent with phosphate post-exposure. 
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Figure S26. IR spectra of MFU-4l-(OH) after submersion in sodium phosphate / sodium hydroxide buffer 

solution. The wavenumbers marked in black are associated with the MOF framework and those marked in blue 

are assignable to phosphate stretches. Bands denoted by red are unknown new features. 
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18O exchange between H2O and CO2 catalyzed by MFU-4l-(OH) 

A custom-made batch reactor (Figure S27) was charged with MOF (~10 mg), MeCN (0.5 mL), and H2
18O 

(0.1 mL). The solution was degassed by three nitrogen / vacuum cycles, and then backfilled with CO2 (15 psig). 

The distribution of carbon dioxide isotopologues was monitored periodically using gas chromatography-mass 

spectrometry (GC/MS). The ratio of its isotopologues, C16O2, C16,18O2, and C18O2, was determined from the 

relative abundances of m/z 44, 46, and 48 in the mass spectrum. 
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Figure S27. Picture of the custom-made reactor setup. (A) 15 mL Pressure Tube (Ace Glass, 8648 product 

family); (B) Adapter NPT tubing to Ace-Thred (Ace Glass, 5844-74); (C) ¼” Brass Male Hex Nipple NPT 

(Swagelok, B-4-HN); (D) Brass Pipe Fitting, Cross ¼”, Female NPT (Swagelok, B-4-CS); (E) Brass Pipe Elbow 

¼”, Female NPT (Swagelok, B-4-E); (F) Brass 1-Piece 40 Series 3-way Ball Valve (Swagelok, B-43XF4); (G) 

100 psig SS Gauge (Swagelok, PGI-63C-PG100-LAOX); (H) Brass 1-Piece 40 Series Ball Valve (Swagelok, B-

43M4-S4); (I) Septum 9.5 mm. 
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Figure S28. Normalized relative abundance of the carbon dioxide isotopologues upon exposure of carbon dioxide 

to H2
18O and MFU-4l-(OH) (2) in MeCN. Time taken to reach an equilibrium mixture of CO2 isotopologues was 

5.5 hours. 
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Figure S29. Normalized relative abundance of the carbon dioxide isotopologues upon exposure of carbon dioxide 

to H2
18O and MFU-4l-(Cl) (1) in MeCN. Time taken to reach an equilibrium mixture of CO2 isotopologues was 

~7 hours.  
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Figure S30. Relative abundance of the carbon dioxide isotopologues versus time for the control reaction between 

H2
18O and CO2 in MeCN. 
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Figure S31. Comparison of the increase in relative abundance of C16,18O2 for reactions with 1, 2, and the control. 
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Catalytic hydrolysis of 4-nitrophenyl acetate 

The hydrolysis reactions were performed in 50 mL centrifuge tubes with added 4-NPA in acetonitrile and 50 

mM HEPES buffer solution. The concentration of 4-nitrophenol was monitored by time-dependent UV-vis 

spectroscopy by measuring its absorption band at 405 nm. A calibration curve was first prepared using known 

quantities of 4-nitrophenol in 50 mM HEPES solution. 

 

Figure S32. Calibration curve for 4-nitrophenol in 50 mM HEPES buffer solution. The calculated extinction 

coefficient is 627 M-1 cm-1. 
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Figure S33. The percent conversion of 4-nitrophenyl acetate to 4-nitrophenol under four different conditions 

(catalysts: MFU-4l-(OH) (2), MFU-4l (1), CFA-1, and control) at four different time points (3, 6, 24, and 48 

hours). Conditions: catalyst loading, 8-10 mol% (MFU-4l-(OH) (2) and MFU-4l (1)) or 12-14 mol% (CFA-1), 50 

mM HEPES buffer, 1 mM 4-NPA. The mol% catalyst is calculated from the number of peripheral Zn–X sites 

(four per molecular formula). Each experiment run was repeated a minimum of three times and the error bars 

represent one standard deviation. Small particles of MFU-4l interfered with UV-vis measurements at 3 and 6-hour 

time points in all three measurements. Notably, the control reaction indicates the hydrolysis of 4-nitrophenyl 

acetate occurs with very low conversion without a MOF. 
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Figure S34. Turnover number of 4-nitrophenyl acetate to 4-nitrophenol under four different conditions (catalysts: 

MFU-4l-(OH), MFU-4l-(Cl), CFA-1, and control) at four different time points (3, 6, 24, and 48 hours). 

Conditions: catalyst loading, 8-10 mol% (MFU-4l-(OH) (2) and MFU-4l (1)) or 12-14 mol% (CFA-1), 50 mM 

HEPES buffer, 1 mM 4-NPA. The mol% catalyst is calculated from the number of peripheral Zn—X sites (four 

per molecular formula). Each experiment run was repeated a minimum of three times and the error bars represent 

one standard deviation. 
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Table S6. Data for the hydrolysis of 4-nitrophenyl acetate using different MOF catalysts. 

Material 
Conversion 

(mmol/mmol)  
3 hours 

Conversion 
(mmol/mmol)  

6 hours 

Conversion 
(mmol/mmol)  

24 hours 

Conversion 
(mmol/mmol)  

48 hours 

Control 0.8 ± 0.1 % 
(n/a) 

0.9 ± 0.1 % 
(n/a) 

1.7 ± 0.2 % 
(n/a) 

2.5 ± 0.1 % 
(n/a) 

MFU-4l-(OH) 5.7 ± 1.0 %  
(0.7 ± 0.1) 

8.5 ± 1.4 %  
(1.0 ± 0.1) 

15.1 ± 2.1 %  
(1.8 ± 0.2) 

17.9 % ± 2.1  
(2.1 ± 0.2) 

MFU-4l-(Cl) n/a n/a 11.1 ± 2.2 % 
(1.2 ± 0.2) 

14.4 ± 2.7 % 
(1.6 ± 0.3) 

CFA-1 8.9 ± 1.4 % 
(0.7 ± 0.1) 

10.1 ± 1.4 % 
(0.8 ± 0.1) 

13.8 ± 1.5 % 
(1.0 ± 0.1) 

14.4 ± 2.7 % 
(1.6 ± 0.3) 
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Figure S35. Change in absorbance over time for the hydrolysis of 4-nitrophenyl acetate in the presence of MFU-

4l-(OH) (2). Two reaction vessels were charged with 45 mL of 50 mM HEPES buffer and 5 mL of 4-nitrophenyl 

acetate in acetonitrile ([4-NPA] = 1 mM, 0.05 mmol) and 2 (3 mg, 0.003 mmol, 24 mol% per Zn-OH site). One 

reaction flask was filtered after 120 minutes and the other was left as is. The reaction was monitored by tracking 

the 405 nm signal of 4-nitrophenol by UV-vis spectroscopy. The observed initial reaction rate is 0.7 μM/min.  
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Computational Details 

General Comments. Computations were performed using the VASP4 (extended solids) or Gaussian 09 

(molecular) software.5 The PBE functional was used for both molecular and solid-state calculations.6 A 500 eV 

planewave cutoff and Gamma-only k-grid was used for the solid-state calculations. The Pople basis set 6-311G** 

was used for molecular calculations.7 MFU-4l-(OH) (2-DFT) and Zn5(OH)4(BTA)3 (BTA = benztotriazole) were 

geometrically optimized starting from the crystallographically determined MFU-4l and Zn5Cl4(BTA)3 xyz 

coordinates but with the Cl replaced by OH groups. Simulated IR spectra were recovered from the 

Zn5(OH)4(BTA)3 cluster optimizations (Figure S36). The XYZ coordinates for all computed structures are 

provided in an Excel document (Table S8). 

CO2 insertion. Binding energies were calculated from the difference in energy between the MOF or cluster 

after bicarbonate formation and the sum of the MOF or cluster with one less bicarbonate and free CO2. Due to 

computational expense, we were not able perform full optimizations on the bulk solid-state material after CO2 

additions, and instead only allowing the local node-bicarbonate structure to relax. There was reasonably good 

agreement between the molecular and solid-state bicarbonate formation enthalpies of the first addition of CO2 (–

50.4 and –60.7 kcal/mol, respectively). The disparity is due to our constrained relaxation parameters. Binding 

enthalpies of subsequent CO2 additions to the Zn5(OH)4(BTA)3 cluster were performed with full optimization and 

were found to be less favored than the first addition, ranging from –42.0 to –37.8 kcal/mol (Table S7), which 

qualitatively agrees with the decreasing heat of adsorption determined experimentally. 

 

Table S7. Binding enthalpies for sequential addition of CO2 to Zn5(OH)4(bibta)3 cluster. 

Addition of CO2 
Binding Energy (kJ/mol) 

using PBE/6-31G** 
Binding Energy (kJ/mol) 

using PBE/6-311G** 

First –56.7 –50.4 

Second –48.2 –42.0 

Third –48.6 –42.0 

Fourth –46.1 –37.8 
 

 

 



S45 
 

 

Figure S36. Simulated IR spectra for Zn5(OH)4-n(CO3H)n(BTA)3 (n = 0–4). The unscaled vibrational frequencies 

are shown for the ZnO–H and ZnOCOO–H. The variation of the Zn-OH is due to variation in the symmetry of 

the cluster. 
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