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ABSTRACT Exchange reactions have enabled a new level of control in the rational, 

stepwise preparation of metal-organic framework (MOF) materials. However, their full 

potential is limited by a lack of understanding of the molecular mechanisms by which 

they occur. This dissertation describes our efforts to understand this important class of 

reactions in two parts. The first reports our use of a linker exchange process to 

encapsulate guest molecules larger than the limiting pore aperture of the MOF. The 

concept is demonstrated, along with evidence for guest encapsulation and its relation to a 

dissociative linker exchange process. The second part describes our development of the 

first quantitative kinetic method for studying MOF linker exchange reactions and our 

application of this method to understand the solvent dependence of the reaction of ZIF-8 

with imidazole. This project involved the collection of the largest set of rate data 

available on any MOF linker exchange reaction. The combination of this dataset with 

small molecule encapsulation experiments allowed us to formulate a mechanistic model 

that could account for all the observed kinetic and structural data. By comparison with 

the kinetic behavior of complexes in solution, we were able to fit the kinetic behavior of 

ZIF-8 into the broader family of coordination compounds. Aside from the specific use 

that our kinetic data may have in predicting the reactivity of ZIF linker exchange, we 

hope that the conceptual bridges made between MOFs and related metal−organic 

compounds can help reveal underlying patterns in behavior and advance the field. 
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1.0  CHAPTER 1 

Linker exchange reactions in metal−organic frameworks 

1.1 Metal-organic frameworks 

 Metal-organic frameworks (MOFs) can be considered the three-dimensional 

analogs of simpler one-dimensional metal complexes in solution. For example, the MOF 

ZIF-8,1,2 with Zn(II) nodes connected by 2-methylimidazolate linkers in the sodalite 

topology can be considered the open framework analog of the Zn(imidazole)4⋅2ClO4 

complex, which also features tetrahedral Zn(II) (Figure 1-1).3 

	
  
Figure 1-1. From metal complexes in solution to extended metal-organic frameworks. 
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1.2 Linker exchange in MOFs  

 Like their counterpart complexes in solution, MOFs can undergo ligand exchange 

reactions, in which their organic linkers are replaced by others from solution. For 

example the 2-methylimidazolate (MeIm−) linkers of ZIF-8 can be replaced with 

imidazolate (Im−) through a reaction of the solid MOF with imidazole (ImH) from 

solution (Figure 1-2).4 Likewise, Zn(ImH)4⋅2ClO4 undergoes rapid ligand exchange in 

solution,5 as do most complexes of Zn(II). We can intuit that these processes are closely 

related; however, the exact correspondences are unknown. This is because, whereas the 

kinetics and mechanism of ligand substitutions of metal complexes in solution is a mature 

field,6 no systematic study of the mechanisms of linker exchange in MOFs has been 

undertaken since the first report of the phenomenon in 2011.7 

	
  

 

Figure 1-2. The solid-liquid linker exchange reaction of ZIF-8 with imidazole in solution, 

involving stepwise replacement of the organic linkers of the framework without dissolution of the 

MOF crystals. 

	
  

N

CH3N

NN

N

N N N
N

N

N

N

N

N

CH3
CH3

Zn
Zn

H3C
CH3

H3C H3C

N

HN

NN

N

N N N
N

N

N

N

N

N

H
H

Zn
Zn

H
H

H
H

N

CH3N

NN

N

N N N
N

N

N

N

N

N

CH3
CH3

Zn
Zn

H3C
CH3

H3C H



	
   3	
  

1.3 Motivation for studying the mechanism of MOF linker exchange 

 The study of reaction mechanism has long been central to the study of 

coordination compounds and to improvements in their synthesis. In fact, in 1962, the first 

ever article in the new journal Inorganic Chemistry began, “Mechanisms of reactions of 

metal complexes have been studied in some detail and progress has been made toward a 

better understanding of these reaction processes. It is hoped that such knowledge will 

lead to the synthesis of new compounds and to new methods for the preparation of known 

compounds.”8 

 Our motivation behind studying the mechanism of MOF linker exchange was that 

we might be able to rationally predict how to guide a MOF linker exchange reaction 

towards a desired structural or stereochemical outcome. A well-known example of the 

power of mechanistic knowledge on ligand substitution for directing structural outcomes 

is the trans effect in square planar Pt(II) compounds.6 The trans effect—the observation 

that the substitution kinetics of a ligand are dramatically affected by the ligand trans to 

the leaving group—has enabled the rational preparation of compounds with 

sterochemical control, including most notably the anticancer drug cisplatin. 

 There are many reasons why we would want to direct the structural outcome of a 

linker substitution reaction in a MOF. For example, consider we introduce two linkers 

with different functional groups, and are somehow able to direct them with specific 

orientation to each other. Such an environment could create pockets with exquisite 

specificity for the binding of a substrate, like the active site of an enzyme. Next, consider 

if we could direct the reactivity of a trans linker at an initially symmetrical MOF node. 

This could introduce anisotropic properties to the entire crystal that could result in useful 
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mechanical responses such as linear actuation. Finally, consider if we could exchange in 

linkers with different functionality and direct them to substitute with a gradient of 

concentration across a MOF crystal (core-shell/radial gradient) or MOF membrane 

(layered/linear gradient). This could create materials with gradients of chemical potential 

that could direct transport of molecules like the selective ion channels in cell membranes. 

 Beyond these futuristic possibilities, there are many more prosaic, yet urgent 

matters in MOF synthesis that could be addressed by mechanistic knowledge of linker 

exchange. For example, attempted exchange reactions frequently fail to result in high 

incorporation of the new linker, or in other cases high incorporation is reached only at the 

expense of an undesirable crystalline phase change. In an ideal world, MOF linker 

exchange would be a routine tool to obtain a desired functionality in a MOF, like cross 

coupling or alkyne-azide click chemistry in organic synthesis. In reality, however, one 

linker exchange reaction often becomes a project in and of itself, requiring extensive trial 

and error to find the right conditions. Mechanistic knowledge of the linker exchange 

process could make these reactions predictable and allow for rationale diagnosis of a 

problem, rather than time-intensive screening of conditions.  

 An example of the power of mechanistic thinking for the rational synthesis of 

MOFs using exchange reactions is found in a report from Liu et al.9 (using metal ion 

rather than organic linker exchange). The authors obtained a MOF with uncommonly 

high chemical stability in a stepwise process that involved (1) synthesis of a MOF with 

Fe(II) nodes, (2) exchange of Fe(II) with Cr(II), and (3) oxidation of Cr(II) to Cr(III). The 

inertness of Cr(III) causes MOF self-assembly using that ion to fail to result in structures 

with long-range order. The stepwise approach takes advantage of the much higher kinetic 
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lability of Fe(II) complexes to assemble to MOF, before locking in the chemically stable 

structure with the reaction to install Cr(III).  If this level of control can be reached 

knowing nothing more than the water exchange rate constants of the transition metal 

ions,6 imagine what could be accomplished with specific knowledge on the molecular 

pathways of linker exchange. 

1.4 The scope of this dissertation 

 Our interest in the mechanism of MOF linker exchange began with a novel idea 

for preparing encapsulated catalysts in MOFs. This idea was based on our reading of the 

scant literature available on linker exchange at the time and our hypothesis that certain 

aspects of the reaction process might allow us the chance to encapsulate guests that are 

larger than the pore window (or aperture) that traditionally limits the size of a guest that 

may be incorporated. The demonstration of this idea, along with the evidence for guest 

encapsulation and its relation to linker exchange kinetics are the subject of Chapter 2. 

 As the literature on MOF linker exchange developed during and soon after the 

encapsulation project, we realized that no groups were paying attention to the 

mechanisms of linker exchange. This omission was particularly striking, considering that 

a vast body of knowledge exists around the substitution mechanisms of simpler 

complexes in solution. Some of the lack of attention on substitution mechanisms can 

probably be attributed to the interdisciplinary nature of MOF research. MOFs are unique 

among coordination compounds in that many of the groups studying their properties do 

not come from a traditional inorganic chemistry background. This exciting dynamic of 

having so many viewpoints on one material makes for interesting conferences, but it also 
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means that knowledge that is canonical for one discipline may unfamiliar to others, even 

as they run the same reactions.  

 The lack of a shared background was, however, not the only barrier stopping 

researchers from studying the mechanism of MOF linker exchange. Soon after beginning 

our work, we quickly realized that the reactions are complicated to study kinetically, as 

compared to complexes in solution. First, there is a lack of suitable spectroscopic 

signatures for following exchange, whereas such techniques were essential in the study of 

ligand substitution mechanisms in solution. Moreover, mass transport—a limitation for 

only the fastest reactions in solution, where barriers to diffusion are low—becomes 

significant in a MOF, and we had to devise methods to test for and circumvent diffusion 

limitations. 

 Our development of a suitable kinetic method to study linker exchange reactions 

in MOFs and our application of this method to study the solvent dependence of the 

reaction of ZIF-8 with imidazole are the subject of Chapter 3. Significantly, this chapter 

also includes our development of a mechanistic model that can rationalize the observed 

kinetic and structural behavior of the linker exchange reaction in ZIF-8. This proposal is 

the first of its kind for this class of reactions, and it was enabled by our collection of the 

largest set of rate data yet for a linker substitution reaction in a MOF. Through 

comparison with the known behavior of related complexes in solution, we were able to 

discern in what ways linker exchange in MOFs was like and unlike the behavior of 

complexes in solution. In fitting the kinetic behavior of MOFs this way into the broader 

family of coordination compounds, we have strived to build bridges between disciplinary 

sets of knowledge. Beyond the immediate impact of our research for understanding linker 
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exchange reactions in ZIFs, we hope that these bridges will advance the field of MOFs 

and metal−organic materials by helping researchers to connect the dots and see the 

patterns that underlie the kinetic behavior of coordination compounds. 
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2.0  CHAPTER 2 

Molecular Encapsulation Beyond the Aperture Size Limit Through 

Dissociative Linker Exchange in Metal-Organic Framework Crystals 

 
 
 

 
 
 
 
 
 
 
 
 
 
A significant portion of the work described in this chapter has been published in: 

Morabito, J. V.; Chou, L.-Y.; Li, Z.; Manna, C. M.; Petroff, C. A.; Kyada, R. J.; Palomba, 

J. M.; Byers, J. A.; Tsung, C.-K. Molecular Encapsulation beyond the Aperture Size 

Limit through Dissociative Linker Exchange in Metal–Organic Framework Crystals. J. 

Am. Chem. Soc. 2014, 136, 12540–12543. 
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2.1 Introduction: Host-guest materials with metal−organic frameworks 

 The incorporation of functional guest molecules into the cavities of crystalline 

porous materials makes it possible to engineer these materials for drug delivery,1,2 

sensing, 3,4 electrical conductivity,5,6 luminescence,7-9 and energy conversion.10-12 Host-

guest crystalline porous materials have been studied in aluminosilicate zeolites since the 

1980s.13 Recently, MOFs have been identified to offer more opportunities for host-guest 

composites compared to zeolites due to their chemically tunable pore surfaces, their 

comparatively mild syntheses, and their unique properties such as framework flexibility,14 

post-synthetic modification,15 and exchangeable organic linkers.16,17 The great diversity of 

MOF properties and structure types has led to various approaches for the synthesis of 

host-guest composites.15,18-20  

 Despite these advances, approaches for incorporating large and more diverse 

guests are still limited to a few specific MOF types. For example, negatively charged 

MOFs have been utilized to incorporate cationic organic compounds and metals,18-20 and 

MOFs with unoccupied sites can encapsulate guests through dative bonds.5 Despite these 

successes, many MOFs lack framework charge or unoccupied sites, which prohibits the 

general applicability of these methods. Alternatively, guest molecules have been 

covalently bound to the organic linkers of the frameworks,15 but the loss of degrees of 

freedom for tethered homogeneous catalysts could lead to decreased activity or 

selectivity in catalytic applications.21  

 The incorporation of guest molecules in MOFs by diffusion is generally limited to 

guests that are smaller than the MOF aperture size.19 This limitation commonly leads to 

guest molecule leaching, which is particularly problematic for catalytic applications. 
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Retaining guests in the cavity of MOFs by pursuing strategies that incorporate guests 

larger than the MOF aperture size could circumvent this problem. Two strategies for this 

are the ship-in-a-bottle assembly of the guest within the pore subunits and the de novo 

encapsulation of the guest during MOF crystal growth.18,22 The ship-in-a-bottle approach 

is challenging for the assembly of guest molecules that require multiple post-synthetic 

operations. The de novo encapsulation approach does not have this limitation, but it 

requires that guest molecules not perturb MOF crystal growth and be compatible with 

conditions used for MOF synthesis. 

 

2.2 A new approach to encapsulate guests: dissociative linker exchange 

 We introduce here a new concept for incorporating larger and more diverse guest 

molecules into MOFs (Figure 2-1). In this approach, we take advantage of linker 

exchange reactions to “open” part of the framework of the pre-synthesized MOF crystals. 

Expanded apertures created by the linker exchange process allow large guest molecules 

to diffuse into the MOF pore.  After guest incorporation, association of the linker closes 

the large aperture, trapping the guest molecule in the MOF pore. This new approach to 

guest incorporation is expected to be general because framework linker exchange has 

been carried out under various conditions and exists in a large number of MOFs with 

diverse metal nodes.16,17,23-30 An additional practical advantage of decoupling 

encapsulation and MOF synthesis is that MOF production can be scaled-up 

independently of guest loading, which is especially relevant since several MOFs, such as 

ZIF-8, Fe-BTC, HKUST-1, and MIL-53(Al), have become commercially available. 
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Figure 2-1. Molecular encapsulation of a large organic guest into the pores of ZIF-8 through 

dissociative linker exchange 

 

 It has been reported that the bridging organic linkers in MOF crystals can be 

exchanged with compatible but chemically distinct linkers without disrupting the 

underlying MOF crystal structure and morphology. This phenomenon was first reported 

by Choe for pillared porphyrin paddlewheel frameworks28 and has been optimized by 

several groups.24,25 The linker exchange process has become extremely popular for the 

diversification of MOFs and is most commonly referred to as solvent-assisted linker 

exchange (SALE)24 or ligand-based postsynthetic exchange (PSE).25 In order to avoid 

confusion between MOF bridging ligands and ligands for metals generally, we have 
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chosen to refer to the framework bridging ligand as a “linker” in all cases. The two terms 

are equally popular in the MOF literature. 

 The ability for ligands to exchange between metal centers is ubiquitous in 

coordination chemistry, where the two limiting pathways for ligand substitution reactions 

are associative or dissociative mechanisms. In a MOF, the metals are typically 

coordinatively saturated, a property that we reasoned would make a dissociative 

mechanism more likely. If dissociative linker substitution occurs in MOFs, we 

hypothesized the existence of short-lived linker vacancies, which would momentarily 

expand the pore aperture size to allow the passage of larger guests into the framework. 

Subsequent reincorporation of the dissociated linker reassembles the MOF with an 

aperture size that is smaller than the incorporated guest. 

2.3 Encapsulation of Rhodamine 6G into ZIF-8 under linker exchange conditions 

 As a proof of principle, we used the commercially available zeolitic imidazolate 

framework ZIF-832 as a model MOF. We also identified two criteria that would be most 

appropriate for a suitable guest molecule. First, to maximize guest retention, the guest 

molecule should be larger than the MOF aperture size. For encapsulation in ZIF-8, this 

requirement makes the ideal guest size between ~ 3.4 and 11.6 Å, the aperture and pore 

sizes of ZIF-8, respectively. Second, in order to better quantify the loading, we initially 

targeted guest molecules that could be easily detectable by UV-Vis spectroscopy. 

Rhodamine 6G (R6G) was selected as an ideal candidate that meets both criteria outlined 

above: it is a fluorescent dye (λmax = 530 nm) with a molecular diameter of 11.3 – 13.7 Å 

(Figure 2-2). The amounts of encapsulated R6G were determined by UV-Vis 

spectroscopy after acid digestion of the ZIF-8 crystals in methanol.  



	
   14	
  

	
  
Figure 2-2. The molecular dimensions of the guest molecules (Rhodamine 6G and 

triphenylphosphine) compared to the pore dimensions of the host material (ZIF-8). 

 

 To test whether linker exchange can facilitate guest incorporation, R6G was 

incubated with ZIF-8 in the presence of 2-methylimidazole as an exogenous linker in 

butanol at 100 °C for 7 days (Figure 2-3). Exchange of the 2-methylimidazole linker in 

ZIF-8 with imidazole has been reported under these conditions.17 After the reaction, the 

material, henceforth referred to as R6G@ZIF-8, took on a cloudy light pink hue. The 

structure of the guest encapsulation products was characterized by transmission electron 

microscopy (TEM) and powder X-ray diffraction (PXRD). Both techniques show no 

apparent differences after guest encapsulation, suggesting that the guest loading method 

was not destructive (Figures 2-4 and 2-5).  
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Figure 2-3. Rhodamine 6G encapsulation through ZIF-8 linker exchange. (7 days) (A) R6G 

loading versus [R6G] at 100 °C (red) and 25 °C (blue) in n-butanol and at 100 °C in acetonitrile 

(green). Inset image shows ZIF-8 after R6G loading at various [R6G] during linker exchange at 

100 °C in n-butanol. (B) Dependence of R6G encapsulation on the [2-methylimidazole] 

exogenous linker. Conditions: 10.29 mM of R6G at 100 ºC in n-butanol for 7 d. 
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Figure 2-4. Transmission electron microscope (TEM) images and particle size distributions 

(PSDs) of ZIF-8 crystals (A) as synthesized (micron-sized), (B) as synthesized (nano-sized), (C) 

PSD of as synthesized (nano-sized), (D) after R6G loading (micron-sized), (E) after R6G loading 

(nano-sized), and (F) PSD of after R6G loading (nano-sized). The loading was carried out with 

10.3 mM R6G at 100 °C for 7 days in n-butanol.  
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Figure 2-5. Powder X-ray diffraction patterns of R6G@ZIF-8. The R6G loading was carried out 

with 10.3 mM R6G at 100 °C for 7 days in n-butanol (red) and in MeCN (blue). The pattern for 

pure ZIF-8 crystals (black) is given for reference at bottom. 

 

2.4 Evidence of encapsulation 

 To confirm that the R6G is indeed incorporated in ZIF-8 instead of attaching to its 

surface, a method to remove the surface bound R6G in all samples prior to UV-Vis 

analysis was sought out. The affinity of R6G for ZIF-8 likely arises from its ester and 

amine functional groups, which can interact with the hydrophilic external surfaces of 

ZIF-8. We have discovered that briefly exposing ZIF-8 to R6G at room temperature led 

to the coloration of the MOF, despite linker exchange not occurring to an appreciable 

extent (Figure 2-6). To remove surface bound R6G from ZIF-8, the samples were washed 

with methanolic solutions of polyvinylpyrrolidone (PVP), a polar polymer with poly-
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ketone functional groups that interact strongly with MOF crystals due to the polyvalency 

effect.31 Due to its large size, PVP cannot penetrate the interior of ZIF-8. Therefore, any 

R6G that remains associated with ZIF-8 after PVP washing is likely trapped in the pores 

of ZIF-8 rather than on its surface. As expected, repeated washings of R6G@ZIF-8 with 

PVP led to the liberation of some R6G, but after repeated PVP washings, the pink color 

of R6G@ZIF-8 remained (Figure. 2-7a,b). Analysis of the PVP washed R6G@ZIF-8 by 

UV-Vis allowed for the encapsulation efficiency of R6G in R6G@ZIF-8 to be 

quantitatively determined.  A similar PVP washing procedure carried out under 

conditions where linker exchange does not occur led to full removal of R6G from the 

ZIF-8 crystals (Figure 2-7c).  

 

Figure 2-6. ZIF-8 surface interaction experiments. Loading of R6G for 7 days and 30 minutes. 

All other R6G loading parameters were the same (10.3 mM R6G, n-butanol, 25 °C). 
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Figure 2-7. PVP washing experiments. a) Digital photograph of R6G@ZIF-8 precipitates and 

supernatants after centrifugation: (left) as synthesized R6G@ZIF-8 after 5 times methanol 

washing and (right) methanol-washed R6G@ZIF-8 after exposure to 1.4 wt. % PVP/methanol 

solution. Surface bound R6G was washed with PVP solution. In B) and C), R6G content tracking 

by absorbance after PVP washing cycles. The R6G loading was carried out with 1.29 mM R6G in 

n-butanol at (B) 100 °C for 7 days, and (C) 25 °C for 10 min.  
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2.5 The effect of temperature and solvent on guest encapsulation 

 After R6G was removed from the surface, the effects of temperature, solvent, and 

initial concentration of R6G on R6G encapsulation in ZIF-8 were studied (Figure 2-3). 

This study indicated that guest loading was temperature and solvent dependent. Higher 

encapsulation was observed at higher temperatures due to increased linker exchange 

rates. Likewise, guest loading in acetonitrile is low because linker exchange is slower in 

acetonitrile compared to n-butanol (See Chapter 3). As expected for diffusion-controlled 

guest incorporation, R6G loading was found to be directly proportional to the initial 

concentration of R6G (Figure 2-3a). Re-subjecting R6G@ZIF-8 to the linker exchange 

reaction conditions without exogenous R6G led to diffusion of the dye into solution 

(Table 2-1). Thus, the guests appear to be kinetically trapped. Importantly, leaching can 

be prohibited when R6G@ZIF-8 is subjected to conditions that do not promote linker 

exchange (Table 2-1). 

 

Sample Preparation Loading 
(mol %) 

Original R6G@ZIF-8 10.29 mM R6G, 2.2 mmol MeImH, BuOH, 100 °C, 7 d 0.370 

Linker exchange conditions 2.2 mmol MeImH, BuOH, 100 °C, 7 d 0.027 

Non-linker exchange condition 2.2 mmol MeImH, MeOH, 20 °C, 1 month 0.340 

Table 2-1. Leaching experiments. 
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2.6 Fluorescence experiments to distinguish encapsulated versus surface-bound R6G 

 To further confirm that R6G is encapsulated in ZIF-8 during linker exchange, we 

have compared the fluorescence intensities of R6G@ZIF-8 (prepared by linker exchange 

in n-butanol with R6G), surface bound R6G (prepared by brief exposure of ZIF-8 to 

R6G), and free R6G in solution (Table 2-2). After normalization, a dramatic decrease in 

fluorescence intensity was observed for R6G@ZIF-8 and surface bound R6G compared 

to free R6G in solution. Moreover, the normalized intensity for surface bound R6G (0.10) 

was more than double than R6G@ZIF-8 (0.04). The origin of the lower intensity 

observed in R6G@ZIF-8 compared to surface bound R6G is likely due to dye 

encapsulation in R6G@ZIF-8, which is expected to alter light absorption and/or emission 

due to differing interactions between the guest molecule and the framework. Regardless 

of the specific rationale, the difference in fluorescence intensity observed for R6G@ZIF-

8 compared to surface bound R6G provides further support that R6G is encapsulated in 

ZIF-8 during the linker exchange instead of bound to the external ZIF-8 surface. 

Picosecond time-resolved fluorescence measurements were made to determine if 

encapsulation in ZIF-8 had any effect on the fluorescence lifetime (τ) of R6G, however 

no appreciable difference was seen between the τ values of the encapsulated samples and 

those of the surface only control (Table 2-2). 
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Sample wt. % R6G τ (ns) I /A (a.u.) I / A normalized 

R6G - 2.84 ± 0.14 18800 ± 100 1.0 

Surface only 
control 0.023 3.63 ± 0.10 1800 ± 40 0.096 

R6G@ZIF-8 
+ MeImH 0.024 3.50 ± 0.03 790 ± 6 0.042 

R6G@ZIF-8  
no exog. 0.064 3.79 ± 0.02 195 ± 3 0.010 

Table 2-2. Fluorescence lifetime and fluorescence intensity measurements. R6G@ZIF-8 samples 

prepared with 147 mM 2-methylimidazole exogenous linker (+ MeImH) and without any 

exogenous linker (no exog.) in n-butanol. Both R6G@ZIF-8 samples were PVP washed to 

remove surface bound dye as described in the manuscript. The “surface only control” was 

prepared by exposing ZIF-8 particles to R6G in a methanolic solution for 10 min, followed by 

extensive (5 ×) washing with methanol. In previous control experiments we found that PVP 

washing of a sample prepared this way led to complete removal of the dye (see figure 2-7c), 

demonstrating that dye loading is solely on the surface. The fluorescence intensities were 

normalized by the amount of the R6G loading measured by absorption after the ZIF-8 particles 

were digested by acid. The R6G standard consisted of R6G dissolved in methanol with a UV-Vis 

absorbance of 0.3. 

 

2.7 The effect of exogenous linker concentration on dye encapsulation 

 In order to gain a better understanding of the guest encapsulation process, the 

effect that the exogenous 2-methylimidazole linker concentration had on guest loading 

was explored next. Somewhat surprisingly, R6G loading was inversely proportional to 

the concentration of exogenous linker (Figure 2-3b). In fact, the highest loading of R6G 

was observed when reactions were carried out without any exogenous 2-methylimidazole 
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linker. Although unexpected, this result could be rationalized by a dissociative linker 

substitution mechanism where dissociation of 2-methylimidazole from ZIF-8 led to the 

formation of a linker-deficient “open” state (Figure 2-1). Under low concentrations of 

free imidazole, the “open” state is not as readily arrested by free linker, which allows 

more time for the guest to diffuse into the pores of the MOF. Consequently, higher guest 

loadings are observed at lower concentrations of exchanging linker.   

2.8 Kinetic measurements of linker exchange to test the hypothesis of a dissociative 

mechanism  

 To test the hypothesis that linker substitution is dissociative, we examined the 

kinetics of the linker exchange reaction under pseudo-first order conditions by varying 

the initial concentration of exogenous imidazole linker (for details see the experimental 

section). Observed rate constants (kobs) for the linker exchange reaction could be obtained 

by using the method of initial rates (< 10 % conversion). Powder XRD indicated that the 

crystal structure of ZIF-8 was not perturbed under these conditions. By plotting kobs 

versus [imidazole], we observed a linear correlation with a non-zero slope and intercept 

(kobs vs. [ImH] in Figure 2-8, representative 1H-NMR spectra in Figure 2-9, conv. vs. t 

plots in Figure 2-10, and kobs values in Table 2-3). These data suggest that there is a 

competition between associative and dissociative linker substitution reactions with the 

slope of this line (m = 38.6 × 10−6 M−1 s−1) being the second order rate constant for 

associative exchange, and the intercept (b = 3.37 × 10−6 s−1) being the first order rate 

constant for dissociative exchange. Under the empirically determined conditions 

employed for linker exchange ([imidazole] = 147 mM), the apparent rate constant for 

associative linker substitution (kapp (s−1) = ka[imidazole]) is 5.67 × 10−6 s−1, which is on par 
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with the first order rate constant for dissociative linker exchange. Importantly, under the 

conditions that worked best to maximize guest incorporation ([imidazole] = 0), the 

associative exchange mechanism was completely shut down. Indeed, the lower guest 

incorporation that we see at higher linker concentrations may be due to a competing 

associative exchange process that precludes the formation of an “open” state for guest 

incorporation.  

 

 

Figure 2-8. Observed rate constants (kobs) for exchange of ZIF-8 with imidazole at different initial 

concentrations of imidazole. 
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 Figure 2-9. Representative 1H-NMR spectra of acid-digested Zn(MeIm)2−x(Im)x over the course 

of the exchange reaction for the series with im/mim = 30. 
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Figure 2-10. Plot of conversion vs. time of the Zn(MeIm)2 to Zn(MeIm)2−x(Im)x exchange 

reaction at varying concentrations of imidazole, the exogenous linker, with conversion expressed 

as the disappearance of 2-methylimidazole from the framework as a molar fraction of the total 

imidazolate linker content of the solid. Least squares linear regressions are shown. 

 

ImH/MeIm− 
(mol/mol) [ImH] (M) kobs (s −1) R2 

5 0.0735 7.2 (±1.3) × 10 −6 0.98622 

10 0.147 8.1 (±1.2) × 10 −6 0.98121 

20 0.249 14.0 (±1.3) × 10 −6 0.99413 

30 0.441 21.0 (±1.8) × 10 −6 0.99036 
Table 2-3. The observed rate constants (kobs) determined by the method of initial rates (kobs = 

slope m) from the conversion vs. time plots in Figure 2-10, with the coefficients of determination 

(R2) for each linear fit.  
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2.9 Encapsulation of the ligand triphenylphosphine  

 Finally, to probe the generality of the methodology, encapsulation of a ligand 

suitable for incorporating transition metal complexes in ZIF-8 was targeted. Because it is 

ubiquitous in organometallic catalysis and has the appropriate molecular size (Figure 2-

2), triphenylphosphine (PPh3) (molecular diameter = 9.56 Å) was chosen as the initial 

guest ligand. The same method used for dye encapsulation was adopted to encapsulate 

PPh3 in ZIF-8 (henceforth referred to as PPh3@ZIF-8) using initial [PPh3] of 165 mM and 

220 mM. Elemental analysis of the product obtained with an initial [PPh3] of 220 mM 

indicated a PPh3 loading of 2 wt. % (Figure 2-11). PXRD analysis indicates that the 

structure of ZIF-8 was preserved during the encapsulation of PPh3 (Figure 2-12), as was 

observed for R6G. 

 

Figure 2-11. A representative energy dispersive X-ray spectrum of PPh3@ZIF-8 loaded with 

initial [PPh3] of 220 mM. Inset shows the TEM image of the area used for analysis, with the 

focused particle indicated by an arrow. The 10 % pore loading of PPh3 was estimated by 
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multiplying the P/Zn atomic ratio of 0.016 by 6 (the number of unique Zn atoms per sodalite cage 

of ZIF-8). 

 

Figure 2-12. Powder X-ray diffraction patterns of PPh3@ZIF-8 (top, red) and ZIF-8 simulated 

from the crystal structure (bottom, black) for reference. The loading was carried out with 220 mM 

PPh3 in n-butanol for 7 days at 100 °C. 

 

 To demonstrate that the PPh3 was mainly encapsulated within the pores of ZIF-8 

and not on its external surface, N2 adsorption data were collected at 77 K on the two 

loadings of PPh3@ZIF-8 and the commercial source of ZIF-8 with a high resolution of 

points in the micropore adsorption region (Figure 2-13). Saturation of the micropore 

volume with N2 occurred for the reference ZIF-8 material at 485 cm3/g, and the BET 

surface area was calculated to be 1554 m2/g using a P/Po range of 5 × 10−4 to 5 × 10−3 

(before gating) or 1885 m2/g with a range of 5 × 10−4 to 10−2 (after gating). These surface 

areas are in agreement with ZIF-8 values from the literature.32 For the PPh3@ZIF-8 
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samples, micropore saturation occurred at 459 cm3/g for the sample exchanged with 165 

mM PPh3 and at 405 cm3/g for that with 220 mM PPh3, which is 5 % and 16 % lower 

compared to ZIF-8. This decrease in the micropore adsorption capacity was in excess of 

the decrease anticipated from the weight gain upon loading (only 2 %) and was consistent 

with guests occupying some pores of the MOF.  From these data, we estimated that 

approximately one in every 10 pores in ZIF-8 was occupied by a triphenylphosphine 

ligand.  Such loadings are only possible by the linker exchange process that facilitates 

incorporation of the large ligand guest. 

 

 

Figure 2-13. (A) N2 absorption (filled symbols) and desorption (open symbols) isotherms of ZIF-

8 (red), 165 mM triphenylphosphine@ZIF-8 (blue) and 220 mM triphenylphosphine@ZIF-8 

(green). (B) Log10 scale of P/P0 to show the detailed N2 sorption under low pressure.  
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2.10 Conclusion 

 In summary, we have developed a method for the postsynthetic 

encapsulation of large guests (PPh3, R6G) with molecular diameters that exceed the 

framework aperture size in ZIF-8 nanocrystals beyond what could be explained by 

framework flexibility.  The approach capitalizes on the existence of linker exchange 

reactions, which our kinetic studies show proceed by a competition between associative 

and dissociative exchange mechanisms.  Maximum guest encapsulation was observed 

under conditions where the dissociative mechanism predominates because the 

dissociation of at least one aperture-defining 2-methylimidazole linker facilitates the 

formation of a short-lived “open” state in the pore with an expanded pore aperture size.  

Compared to other encapsulation strategies, this approach does not require any specific 

electrostatic interaction between the guest and the MOF host, which may significantly 

expand the scope of molecular guests and MOF hosts suitable for forming host-guest 

composites.  In addition to the impact that these findings have on the ability to 

incorporate large guests in MOFs, important insight into the mechanism for linker 

exchange processes in MOFs was garnered.  Such processes have already been exploited 

for the synthesis of novel MOF architectures,28 useful catalyst species,26 and sophisticated 

nanocomposite materials.29 Future investigations will look at the application of these 

findings to other classes of MOFs, as well as the utilization of the new encapsulation 

methodology for the development of useful catalysts that take advantage of the size-

selective capabilities of MOFs. 
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Experimental methods 

General considerations: Unless otherwise stated, all the reactions were carried out in the 

air without taking any precaution to protect reactions from oxygen or moisture.  Zinc 

nitrate hexahydrate (Aldrich, 99%), 2-methylimidazole (Aldrich, 99%), imidazole (Alfa 

Aesar, 99%), Basolite Z1200 (ZIF-8, Aldrich, produced by BASF), n-butanol (Alfa 

Aesar, ≥99.4%), acetonitrile (Aldrich, 99.8%), Rhodamine 6G (Acros, dye content 

~95%), triphenylphosphine (Aldrich), sodium hydroxide (VWR), polyvinylpyrrolidone 

(PVP, Mw~29,000, Aldrich), deuterium oxide (Aldrich, 99.9 atom % D), and sulfuric 

acid-d2 solution (96-98 wt. % in D2O, 99.5 atom % D) were purchased from the indicated 

sources and used without further purification.  

Characterization: Transmission electron microscope (TEM) images were obtained on 

JEOL JEM2010F operated at 200 kV. The powder x-ray diffraction patterns (PXRD) 

were collected on a Bruker AXS diffractometer with Cu Kα radiation (λ= 1.5418 Å). 1H 

NMR spectra obtained for the kinetic experiments were recorded on a Varian (Agilent) 

(600 MHz) spectrometer. The line listing for the NMR spectra are reported as chemical 

shift in ppm. The nitrogen gas adsorption-desorption was carried out on Micromeritics 

ASAP 2020 provided by the University of Massachusetts Boston. Visible light absorption 

spectra were measured on a Thermo Scientific NanoDrop 2000c. 

Dye loading via linker exchange: Variable amounts (9.3 mg/0.02 mmol, 29.2 mg/0.06 

mmol, 73.9 mg/0.15 mmol, and 292.4 mg/0.61 mmol) of Rhodamine 6G (R6G) were 

placed in a 20 mL glass scintillation vial. 2-methylimidazole (MeImH) (181 mg, 2.2 

mmol) and activated ZIF-8 crystals (75 mg, 0.33 mmol Zn(MeIm)2) were added to the 

vial with the guest molecules. Next, n-butanol or acetonitrile (15 mL) was added to the 
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vial, and the solids were suspended by sonication for 10 minutes. The vial was capped 

and placed in an isothermal oven at 100 °C for 7 d. The guest-loaded ZIF-8 was collected 

by centrifugation at 5000 rpm for 10 minutes. The solid precipitate was triturated by 

decanting the methanol supernatant then re-suspended into fresh methanol (10 mL). The 

centrifugation and trituration steps were repeated at least 5 times until the supernatant 

was completely transparent. The residual solvent was removed from the isolated solids in 

a vacuum oven at 100 °C overnight. The mass recovery of the product was 92%. 

Photophysical measurement: To measure the fluorescence lifetimes (τ) of the dye 

loaded ZIF-8 samples, we used picosecond time-resolved fluorescence spectroscopy 

performed on a custom system centered around a Coherent Libra HE Ti: Sapphire 

Amplifier System. 33 Samples were pumped with 450 nm monochromatic light and 

recorded by a streak camera at 550 nm with a long-pass filter cutting off wavelengths 

below 480 nm to eliminate the strong scattering peak caused by the solid particles. The 

amount of solid was held constant at 15 mg, which was dispersed into 3 mL of methanol. 

In the fluorescence intensity measurement, we used the ratio of the fluorescence emission 

intensity to the UV-Vis absorbance (I/A) to establish normalized intensity. Steady state 

emission spectra were recorded using an Agilent Cary Eclipse spectrophotometer with a 

Xe flash lamp. Acquisition parameters were held constant for all samples, which 

necessitated diluting the free R6G in methanol solution used for UV-Vis by a factor of 26 

for the fluorescence measurement, due to its vastly higher I/A values. 

PPh3 loading via linker exchange: Variable amounts of PPh3 (866 mg/3.3 mmol and 

649 mg/2.5 mmol) were placed in a 20 mL scintillation vial. 2-methylimidazole (181 mg, 

2.2 mmol) and activated ZIF-8 crystals (75 mg, 0.33 mmol Zn(MeIm)2) were added to the 
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vial with the guest molecules. Next, n-butanol (15 mL) that had been sparged with Ar gas 

for 30 min to remove dissolved O2 was added to the vial. The vial was capped and the 

solids were suspended by sonication for 10 minutes. The vial was placed in an isothermal 

oven at 100 °C for 7 days. The guest-loaded ZIF-8 was collected by centrifugation at 

5000 rpm for 10 minutes. The solid precipitate was triturated by decanting the methanol 

supernatant then re-suspended into fresh methanol (10 mL). The centrifugation and 

trituration steps were repeated at least 5 times. The residual solvent was removed from 

the isolated solids in a vacuum oven at 100 °C overnight. The mass recovery of the 

product was 92%. 

Leaching experiment: The dried R6G@ZIF-8 (15 mg) and 2-methylimidazole (36.2 mg, 

0.44 mmol) were placed in a 5 mL scintillation vial. n-butanol (3 mL) was added to the 

vial and the solids were suspended by sonication for 10 minutes. The vial was capped and 

placed in an isothermal oven at 100 °C for 7 days. The product was collected by 

centrifugation at 5000 rpm for 10 minutes. The residual solvent was removed from the 

isolated solids in a vacuum oven at 100 °C overnight. The guest leaching experiment in 

methanol was carried out at the same condition in n-butanol except 20 °C for 1 month. 

The effect of exogenous linker concentration: R6G (73.9 mg, 0.15 mmol) and activated 

ZIF-8 crystals (75 mg, 0.33 mmol Zn(MeIm)2) were placed in a 20 mL scintillation vial. 

Variable amounts (0 mg, 60.3 mg/0.73 mmol, 120.6 mg/1.47 mmol, 181.0 mg/2.21 

mmol, and 482.4 mg/5.88 mmol) of 2-methylimidazole were added to the vial with the 

guest and ZIF-8 mixture. Next, n-butanol (15 mL) was added to the vial, and the solids 

were suspended by sonication for 10 minutes. The vial was capped and placed in an 

isothermal oven at 100 °C for 7 days. The guest-loaded ZIF-8 was collected by 



	
   34	
  

centrifugation at 5000 rpm for 10 minutes. The solid precipitate was triturated by 

decanting the methanol supernatant then re-suspended into fresh methanol (10 mL). The 

centrifugation and trituration steps were repeated at least 5 times until the supernatant 

was completely transparent. The residual solvent was removed from the isolated solids in 

a vacuum oven at 100 °C overnight.  

Synthesis of micron-sized ZIF-8:  The synthesis of micron-sized ZIF-8 followed a 

published procedure.31 A 25 mM solution of Zn(NO3)2·6H2O in methanol (0.125 mmol, 5 

mL) was combined with a 25 mM solution of 2-methylimidazole (0.125 mmol, 5 mL) in 

a 20 mL scintillation vial.  The reaction was carried out at room temperature for 24 hours 

without stirring. The product was collected by centrifugation at 5000 rpm for 10 minutes.  

The solid precipitate was triturated by decanting the methanol supernatant then re-

suspended with fresh methanol (10 mL). The centrifuging and trituration steps were 

repeated 3 times. The residual solvent was removed from the isolated solids in a vacuum 

oven at 100 °C overnight. The yield of ZIF-8 was 8.4%. 

Synthesis of nano-sized ZIF-8: The synthesis of nano-sized ZIF-8 is based on a 

previous procedure with some modifications.34 Zn(NO3)2·6H2O (150 mg, 0.504 mmol) 

and 2-methylimidazole (330 mg, 4.02 mmol) were weighed and transferred to a 30 mL 

glass jar and 20 mL scintillation vial, respectively. The solids were dissolved in methanol 

(7.15 mL each). The glass jar was then equipped with a magnetic stir bar, and placed on a 

stir plate. Next, under vigorous stirring, the 2-methylimidazole solution was poured into 

the jar and the mixture was stirred at room temperature for 6 hours. The product was 

collected by centrifugation at 7000 rpm for 10 minutes. The solid precipitate was 

triturated by decanting the methanol supernatant then re-suspended with fresh methanol 
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(10 mL). The centrifuging and trituration steps were repeated 3 times. The residual 

solvent was removed from the isolated solids in a vacuum oven at 100 °C overnight. The 

yield of ZIF-8 was 83%. 

Visible light absorption spectroscopy: Dried R6G@ZIF-8 (10 mg) was digested in a 1 

wt. % hydrochloric acid/methanol solution (2 mL). After stirring for 1 min, the resulting 

solution was transferred to a glass cuvette to measure the visible light absorption 

spectrum at 530 nm on a Thermo Scientific NanoDrop 2000c. The amount of R6G 

loading was determined by calibration curve between absorbance of light at 530 nm and 

R6G concentration (ε = 0.0934 μM−1cm−1 at 530 nm). 

PVP washing: Dried R6G@ZIF-8 (15 mg) was suspended in a 1.4 wt. % PVP/methanol 

solution (10 mL) by sonication for 10 min.  The solid precipitate was collected by 

trituration after centrifugation at 5000 rpm for 10 min. The isolated solid was then re-

suspended with fresh 1.4 wt. % PVP/methanol (10 mL), and the centrifugation and 

trituration steps were repeated at least 5 times until R6G content was constant as 

determined by UV-Vis absorption spectroscopy. The PVP-washed product was then re-

suspended with 10 mL methanol to remove any excess PVP, and the final product was 

collected by centrifugation at 5000 rpm for 10 minutes and decanting of the supernatant.  

The solid was then dried overnight in vacuum oven at 100 °C to remove any residual 

solvent. The mass recovery was 66 %. 

Molecular size calculations: The molecular sizes of R6G and triphenylphosphine were 

estimated by using the Spartan 10 software package to minimize structures using the 

Hartree-Fock method with the basis set 3-21G. The greatest interatomic distances for 

each molecule are given as the effective molecular sizes in Figure 2-2. 
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Linker exchange kinetics:  

The kinetics of exchange of Zn(MeIm)2 (ZIF-8) with exogenous imidazole (ImH) to yield 

Zn(MeIm)2−x(Im)x (SALEM-2) were followed using a modified procedure based on 

literature precedence.17 Due to the heterogeneous nature of the exchange reaction, 

accurate sampling could not be guaranteed, and thus, for the kinetics experiment, each 

point shown in Figure 2-10 is the result of independent measurements carried out at 

different reaction times.  Generally, each reaction was repeated three times, the average 

of which is used for the kinetic fits. 

 

 

Dried ZIF-8 (5.0 mg, 0.022 mmol Zn(MeIm)2) was placed in a 3 mL glass serum vial. 

Solids were suspended by sonication in an appropriate volume of n-butanol (tabulated 

below) before the reaction was initiated with exogenous linker.  A 588 mM solution of 

imidazole in n-butanol was added in an appropriate volume (see table below), and vials 

were immediately sealed with PTFE-lined aluminum crimp caps, shaken manually for 5 

s, and placed into the aluminum heating blocks of a Labmate synthesizer thermostated at 

70 °C.  The reactions were incubated at 70 ºC with 450 rpm shaking for a predetermined 

amount of time, as indicated in Figure 2-10. 

im/mim (mol/mol) 5 10 20 30 
Vol. n-butanol 

(mL) 2.625 2.250 1.500 0.750 

Vol. 588 mM ImH 
(mL) 0.375 0.750 1.500 2.250 

 

sod-Zn(MeIm)2(s) + xImH ⌦ sod-Zn(MeIm)2�x

(Im)
x

(s) + xMeImH (1)
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 At the end of the allocated time, the vials were removed and immediately 

immersed in a water bath held at 0 ºC. Suspended solids were transferred quickly into 3 

mL of methanol chilled at 0 °C in a 15 mL centrifuge tube and centrifuged at 3300 rpm 

for 5 min.  The solid precipitate was triturated by decanting the supernatant, and the 

product was re-suspended in fresh methanol (6 mL).  The centrifugation and trituration 

was repeated 3 times with 6 mL of methanol each time. The isolated solids were 

transferred to pre-weighed glass vials and the residual solvent was removed in a vacuum 

oven at 100 °C overnight. Dried samples were weighed and then digested in a solution of 

0.900 mL deuterium oxide and 0.100 mL 98% d2-sulfuric acid in D2O along with 

tetramethylammonium bromide (0.7 mg) that was used as an internal standard for 

analysis by 1H-NMR spectroscopy. 

 The spin-lattice relaxation times (T1) of each proton in solution were 

determined by the inversion recovery method and are detailed in Table 2-4. In light of the 

measured relaxation times, 1H-NMR spectra were acquired using an acquisition time (at) 

of 18 s and an interpulse delay (d1) of 54 s, in order to make (at + d1) ~ 5 × the longest 

T1. A pulse angle of 90 ° was used and 16 transients were taken per acquisition. 

proton 

(in red)    

HDO 
  

δ (ppm) 7.85 6.66 6.45 4.94 2.35 1.79 

T1 (s) 13.74 ± 0.28 12.06 ± 0.21 9.72 ± 0.26 3.01 ± 0.11 5.65 ± 0.12 4.44 ± 0.32 

Table 2-4. The spin-lattice relaxation times (T1) determined for each proton in the acid-digested 

solutions of the Zn(MeIm)2−x(Im)x products, which were used to choose the 1H-NMR acquisition 

parameters. 

HN N

H
HN N

H H

HN N

HH

N

CH3

CH3

H3C CH3 HN N

CH3
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The quantity of imidazole and 2-methylimidazole in solution were determined using the 

formulae: 

AP = area determined by integration of peak (P), as defined in Figure 2-9	
  

𝐴!×
[TMA+]
𝐴!

×
12  protons
1  protons + 𝐴!×

[TMA+]
𝐴!

×
12  protons
2  protons = 2[𝑖𝑚]	
  

	
  

𝐴!×
[TMA+]
𝐴!

×
12  protons
2  protons + 𝐴!×

[TMA+]
𝐴!

×
12  protons
3  protons = 2[𝑚𝑖𝑚]	
  

	
  

  
[𝑚𝑖𝑚]

𝑖𝑚 + [𝑚𝑖𝑚] = conversion	
  

 

 From the 1H-NMR data, plots of conversion versus time could be made at 

each concentration, using the average deviation to estimate error (Figure 2-10). To obtain 

the observed rate constants (kobs) used in Figure 2-8, linear regression analysis of the data 

collected at time points from 10 minutes to 60 minutes was carried out, with the slope m 

being kobs. Values of kobs and the accompanying R2 values for the linear fits are outlined in 

Table 2-3. In order to estimate the error in the kobs values that we obtained from the 

conversion vs. time plots in Figure 2-10, we considered two outlying cases, both high and 

low, using the bound limits (from average deviation) of the conversion values at 10 and 

60 min. For the high estimate of kobs, we obtain a linear regression of a four-point plot of 

(1) the upper bound for the 10 min point, (2) the average value for the 20 min point, (3) 

the average value for the 40 min point, and (4) the lower bound for the 60 min point. For 

the low estimate, we use the low bound for the 10 min point, the upper bound for the 60 

min point, keeping the other two points the same. 
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3.0  CHAPTER 3 

Understanding the Solvent-Dependence of MOF Linker Exchange  

Kinetics in the Reaction of ZIF-8 with Imidazole 

 

 

 

 

 

 

 

 

A significant portion of the work described in this chapter will be published in: 

Morabito, J. V.; Li, Z.; Byers, J. A.; Tsung, C.-K. On the Solvent-Dependence of MOF 

Linker Exchange Kinetics in the Reaction of ZIF-8 with Imidazole. In preparation. 
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3.1 Introduction 

 Exchange reactions have enabled a new level of control in the rational, stepwise 

preparation of metal-organic framework (MOF) materials.1,2 However, their full potential 

is limited by a lack of understanding of the molecular mechanisms by which they occur. 

MOFs are a class of coordination network solids3 with applications across a variety of 

technologies,4 including molecular separation and storage,5 catalysis,6 and drug delivery.7 

For a MOF to be stable and self-assemble with minimal defects, it must posses 

thermodynamically favorable metal-ligand bonds8 that are also kinetically reversible.9−13 

The kinetic reversibility (i.e., substitutional lability) of the metal-ligand bonds—a 

prerequisite for self-assembly of the molecular precursors into frameworks with long-

range order—can also be exploited after synthesis (Figure 3-1). Following the initial 

assembly of a MOF, the bound components (organic linkers and metal ions) of the 

framework can be replaced by free components from solution in a stepwise manner 

without dissolution of the solid.1,2,14 These solid-liquid exchange reactions15 (eq. (3-1)) 

ultimately yield a crystal identical to the starting one, except for the swapped 

components. 

 (3-1) AB(s) + C(l) ↵ AC(s) + B(l)
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Figure 3-1. The important roles of MOF metal-ligand bond reversibility in two contexts: (1) 

during synthesis, correcting errors in connectivity that occur in the course of MOF self-assembly, 

and (2) after synthesis, introducing new function through substitution reactions. 

 

These postsynthetic exchange reactions have become a powerful tool for MOF 

synthesis, as they have enabled researchers to introduce new functionality,16 access novel 

MOF structures,17 generate chemical robustness,16l−m and encapsulate guest molecules.18−20 

While examples that demonstrate the power of exchange reactions for MOF synthesis 

continue to amass, remarkably little attention has been paid to the molecular mechanisms 

of substitution. This oversight is especially surprising as a vast body of knowledge exists 

around the substitution mechanisms of simpler complexes,21 which are fundamentally 

important to many areas of chemistry.10,22−32 This knowledge about complexes, which has 

been accumulated over many years through careful measurements of reaction kinetics 

under controlled conditions, has informed everything from the synthesis of new 

complexes23 to understanding the function of metalloenzymes.25 We anticipate that 

similar gains could come out of mechanistic study of MOF exchange reactions. Such 
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gains would not only advance the development of rational, stepwise approaches to MOF 

synthesis, but would also deepen our understanding of the related reactions involved in 

MOF self-assembly33 and may lead to future applications.34 For our contribution, we have 

chosen to undertake the mechanistic study of organic linker exchange in MOFs, which 

will complement the burgeoning mechanistic work on metal ion exchange.35 

Burnett et al. were the first to demonstrate the utility of linker exchange reactions 

for stepwise MOF synthesis through their exchange of the dipyridyl linkers in a MOF 

containing Zn2(COO)4 paddlewheel nodes.17a Subsequent work16−20 demonstrated that 

linker exchange occurs in a broad array of MOFs, regardless of the type of metal nodes 

and organic linkers. Researchers have even observed linker exchange in MOFs 

previously considered particularly robust16c−d or kinetically inert.16h,17e Despite the 

widespread use and synthetic utility of MOF linker exchange, little is known about the 

substitution mechanism(s).1,36 Hupp, Farha, and co-workers uncovered that linker 

exchange in many MOFs is highly dependent on the solvent,16a−b leading these researchers 

to term the process solvent-assisted linker exchange (SALE).14d,16a Likewise, Cohen and 

co-workers observed similar effects in UiO-66, which is based on completely different 

metal nodes and organic linkers than ZIF-8.16c The solvent effects observed in these 

reports and others16u,16w led us to identify the solvent-dependence of MOF linker exchange 

kinetics as a particularly important mechanistic aspect to investigate. Although several 

studies have focused on some aspects of the reaction mechanism,16a,16c,16d,16g,16m,16n,17c none 

involved quantitative measurements of substitution rates, from which the kinetic rate law 

can be deduced. 
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 We therefore set out to develop a systematic protocol for the mechanistic study of 

MOF linker exchange that featured quantitative measurements of linker substitution rates. 

We chose commercially available ZIF-837 to establish this protocol because ZIF-8 has 

shown great potential across various applications,5c,38 and the linker exchange of ZIFs has 

been a subject of academic16b,16e,16o,16u,16j,16i,16v,16q,16w,36,39 and industrial40 interest. For the 

incoming linker, we chose the well-established reaction of ZIF-8 with imidazole (ImH)41 

that yields a material termed SALEM-2.16b. We ultimately adopted a protocol that 

included the development of a reliable way to measure quantitative kinetic rate constants 

of the exchange reaction and a way to assess the contribution of diffusion to these rate 

constants. When reaction conditions led to rates too slow to be reliably measured in 

reasonable time frames, we complimented the quantitative kinetic method with small dye 

molecule encapsulation experiments, which provided valuable mechanistic understanding 

for reactions in this kinetic regime. The strength of this protocol became evident from our 

analysis of the solvent-dependence of linker exchange in ZIF-8. Our quantitative rate 

constants collected at various concentrations of entering linker revealed changes in 

reaction order between the solvents, which would have been difficult to detect by a less 

quantitative method. By analyzing the observed behavior in the light of the known 

behavior of simpler complexes, we were able to formulate a mechanism that rationalized 

the empirical kinetic and structural data. This mechanism involves three competing 

reaction pathways, whose contribution to the overall linker substitution rate varies 

depending on the solvent. We anticipate that this mechanism could be useful in predicting 

how the linker exchange kinetics in ZIF-8 will respond to new conditions (i.e. different 

solvent and entering linker). In addition to providing detailed mechanistic information for 
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linker exchange in ZIF-8, the protocol we have established is a step towards better 

understanding the general features of linker exchange reactions that occur in MOFs 

regardless of the type of metal nodes and organic linkers. 

3.2 The ZIF-8 Structure as it relates to Linker Exchange Kinetics  

 An understanding of the kinetics of a linker substitution reaction must begin with 

an assessment of the number of chemically distinct linkers and thus the number of 

anticipated rate processes. The 2-methylimidazolate (MeIm−) linkers of ZIF-8 (sod-

Zn(MeIm)2) have only one coordination environment in the crystal bulk42 due to the high 

symmetry of the sodalite (sod) topology.43 Thus, the exchange of these linkers with 

imidazole can be thought of as the reaction of many chemically equivalent subunit 

complexes (Figure 3-2) in a solid solution.44 This reduction of complexity in going from a 

3D extended framework to a molecular species, which is enabled by the high symmetry 

of ZIF-8, greatly simplifies the resulting kinetic analysis.  
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Figure 3-2. The structure of ZIF-8/sod-Zn(MeIm)2 reduced to a subunit complex for the purpose 

of drawing reaction schemes. The simplest representation depicts just the linker to be exchanged 

and its two associated tetrahedral Zn(II) nodes. 

 

3.3 Kinetics Method and Mechanism 

The rate of the overall solid-liquid exchange reaction (eq. (3-2)) will therefore be 

some function of the concentration of imidazole, [ImH], (eq. (3-3)) that can be related 

back to the molecularity of reaction steps in the molecular pathway(s) that lead to linker 

exchange at one subunit complex.45 Our kinetics method18 (see experimental section) 

consists of measuring the initial rates46 of the linker exchange reaction of ZIF-8 with 

imidazole at various initial concentrations of imidazole, [ImH0], from which we can 

deduce empirical reaction orders and the corresponding kinetic rate laws. We tracked the 

progress of the reaction with an ex situ digest 1H-NMR method, using separate batch 

reactions for each time point. 

 (3-2) 
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 (3-3) 
 

 For a pathway to lead from starting material 1 to product P (eq. (3-4)), it must 

involve (1) dissociation of 2-methylimidazolate, (2) association of imidazole, and (3) 

deprotonation of imidazole to form imidazolate. However, the sequence of these steps 

and the co-reactants involved is unknown. By working backwards from empirical 

reaction orders, we can rule out hypothetical pathways until we reach the set that are 

consistent with the observed behavior.47 

 

(4) 

 

For example, consider the two hypothetical pathways shown in Figure 3-3. The 

first, which involves imidazole associating in a late step after the rate-determining 

dissociation of 2-methylimidazole, would have a rate that is independent of [ImH0] (i.e., 

zero-order in imidazole). The second, in which imidazole associates in an irreversible 

first step, would have a rate with linear dependence on [ImH0] (i.e., first-order in 

imidazole).  
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n
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Figure 3-3. Two hypothetical pathways for linker exchange of sod-Zn(MeIm)2 with imidazole: 

(I) zero-order in imidazole and (II) first-order in imidazole. 

	
  
	
  

To distinguish plausible hypothetical reaction pathways from implausible ones, 

we must be able to differentiate between them based on their kinetic behavior.47 This will 

not be possible if, for instance, the observed reaction orders are from some process other 

than the chemical reaction of linker exchange with imidazole. In particular, for solid-

liquid reactions in porous materials, diffusion can influence the rate in ways that disguise 

the true reaction order.48 

3.4 Experiments to Rule out Rate Control by Diffusion 

If diffusion is rate controlling for a solid-liquid reaction in a porous material (i.e., 

the diffusion of a liquid-phase reactant is much slower than the rate of chemical reaction), 

the reaction will appear first-order in the reactant regardless of its true kinetic order.48 

This happens because diffusion is proportional to the concentration gradient. Due to this 

complication, we needed first to find a way to ensure that diffusion is not rate controlling. 

The test that we used is simple in concept. It relies on the fact that, for a diffusion-

controlled reaction, the rate is proportional to the exposed area of unreacted solid and 

therefore will always get slower with increasing particle sizes.49 Conversely, if diffusion 

is much faster than the chemical reaction, and thus the chemical reaction is rate 
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controlling, the rate will be independent of particle size.50 In an intermediate range, when 

diffusion and reaction occur on similar timescales, the reaction rate will be constant for 

an initial range of small particle sizes and will decrease thereafter (Figure 3-4).51 

	
  
Figure 3-4. The structural basis for kinetic experiments to rule out rate control by diffusion: (a) 

the spatial relationship between conversion and reaction product distribution means that the 

relative timescale of diffusion and reaction can be identified from (b) the shapes of the observed 

rate constant, kobs, versus particle size plots. The three regimes are (I) reaction control, (II) 

intermediate, or (III) diffusion control. 
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Our measured rate constants (kobs) of linker exchange (Figure 3-5) obtained from 

size-controlled ZIF-8 samples that ranged from 80 nm to 10 μm in average diameter 

(TEM-derived size distributions in Figure 3-6) clearly indicate that diffusion is not rate 

controlling. This is evident from the existence of a range of particle sizes for which the 

reaction rate is independent of particle size, which suggests that diffusion and reaction 

occur on similar timescales (regime II in Figure 3-4). We conducted reactions at both low 

(0.0735 M, Figure 3-5a) and high (0.294 M, Figure 3-5b) [ImH0] and found that diffusion 

was not rate controlling for either concentration.  

 
Figure 3-5. The dependence of linker exchange kinetics on ZIF-8 crystal size as measured in n-

butanol at 70 °C with (a) 0.0735 M and (b) 0.294 M imidazole. Data are plotted for size-

controlled (filled symbols) and commercially obtained (open symbols) ZIF-8.56 Crystal diameter 

values come from statistical analysis of transmission electron micrographs, scaling the number 

distribution of grain diameters to a volume (weight) distribution. The x-values are the mass 

median diameters (D50) of the crystal grain size distribution, and x-error bars represent the span of 

the distribution from 10 % (D10) to 90 % (D90) of the distribution by weight (Figure 3-6, Table 3-

1). The lines are meant to guide the eye and do not represent a mathematical fit to the data. 

Uncertainty in kobs for Basolite Z1200 indicates the 99 % confidence interval. 
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Figure 3-6. Particle size distributions obtained from TEM imaging of size-controlled ZIF-8 

particles shown as counts versus grain diameter, d, in nm for (a) 1.26 mL, (b) 1.008 mL, (c) 0.504 

mL, (d) Basolite Z1200, (e) 0.252 mL, (f) 1.96 μm. CDF = cumulative distribution function of the 

particle volume distribution (equal to weight for constant density). The individual measurements 

of d are shown in Appendix IV. 

 Sample 
d

ave
 

(nm) 
 

Std 
Dev 
(nm) 

D10 
(nm) 

D50 
(nm) 

D90 
(nm) 

k
obs

 (s
−1

)  
× 10

6 at 
0.0735 M 

y-int 
k

obs
 (s

−1
)  

× 10
6 at 

0.294 M 
y-int 

(a) M 83 ± 16 60 85 102 7.06 0.928 40.7 0.928 
(b) L 123 ± 27 81 125 155 7.82 0.943 42.4 0.939 
(c) XL 229 ± 51 140 239 282 8.30 0.967 40.3 0.959 

(d) Basolite 
Z1200 324 ± 173 130 265 565 4.50 0.973 15.8 0.966 

(e) XXL 382 ± 82 251 404 455 6.50 0.979 33.1 0.978 
(f) 2 μm 1946 ± 224 1598 1963 2149 1.25 0.979 11.9 0.968 

(g) 10 μm 9485 ± 5151 4960 7755 1852
8 0.133 0.993 0.402 0.990 

Table 3-1. The parameters obtained from the particle size distributions in Figure S3-6. Average 

grain diameter, dave, is the mean of the number distribution of grain diameters.  D10, D50, and 

D90 are the corresponding d values of the mass-weighted cumulative distribution functions in 

Figure 3-6 at CDF = 0.1, 0.5, and 0.9 respectively. In other words, 10 % of the particles have 

grain diameters less than D10, 50 % are smaller than D50, and 90 % are smaller than D90. D50 is 

also referred to as the mass median diameter. 
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Whereas other studies have found intraparticle diffusion to be a major factor in 

linker exchange kinetics,16g,16x including in a recent study in ZIF-8,36 our avoidance of 

these effects seems to come from unique aspects of our methodology. Our methodology 

used initial rates early on in the linker exchange process (< 10 %),52 which stops the 

reaction before the product layer can become too think, making transport through it rate 

limiting.51  

We also observed features in the conversion vs. time plots used to determine the 

above kobs values (Figures AI-7 and AI-8) that confirm our prior claim18 that rapid surface 

ligand exchange (above surface)16j,53 is a constant that does not interfere with accurate 

measurement of the rate of the much slower linker exchange in the bulk (below surface). 

The y-intercepts in these plots varied from 1 % (for 8 μm) to 7 % (for 85 nm), which 

correlate linearly with our expected values calculated from the density of groups at the 

external surface of ZIF-8 (Figure 3-7, see Appendix II for calculations). These changing 

y-intercepts have no effect on the kobs values, which are obtained from the slopes in these 

plots. Hence, the much greater external crystal surface area of MOF nanoparticles did not 

interfere with accurate measurement of the bulk linker exchange rate by our initial rates 

method.  
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Figure 3-7. The correlation between ZIF-8 crystal size and the y-intercept in conversion vs. time 

plots for (a) 0.0735 M and (b) 0.294 M imidazole in n-butanol at 70 °C. The experimental y-

intercepts are from data in Figures AI-3, AI-7, and AI-8. Calculated % surface MeIm(H) is shown 

for the {100} surface upper bound (dangling RImH + framework RIm−). See Appendix II for 

calculations. 

 

Having established that our method allowed us to obtain kinetics of the chemical 

reaction (rather than of diffusion), we moved on to examine how these kinetics depended 

on the solvent. Importantly, our particle size-dependence study was conducted in the 

solvent 1-butanol (BuOH), which has the largest molecular size of all the solvents tested 

in this study (Table AV-5), and is therefore the solvent most likely to lead to mass 

transport limitations.54−55 For these solvent-dependence studies, we used the 265 nm 

diameter ZIF-8 particles (Basolite Z1200), which are small enough to avoid a large 

contribution from diffusion. Additionally, Basolite Z1200 is a standard material that is 

available in large scale, which is important for the material-intensive ex situ digestion 

method of tracking the reaction progress that we employed. 
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3.5 The Solvent-Dependence of Linker Exchange Kinetics in ZIF-8 

We next investigated the solvent-dependence of linker exchange kinetics in ZIF-8 

using our methodology. Study of this effect is important, as solvent choice appears to be 

a primary lever of control to direct MOF linker exchange reactions to a desired outcome. 

The solvent has been found to affect both the rate and success of linker exchange in 

MOFs.16b−c,u The solvent-dependence of the ligand substitution kinetics of simpler 

complexes has been studied,57 and this knowledge forms a basis from which we can 

understand the behavior in MOFs. The exchange of imidazole into ZIF-8 (eq. (3-2)) is 

advantageous for a solvent-dependence study, as imidazole is highly soluble in a wide 

array of solvents including water. We chose solvents that represented a wide array of 

solvent properties, including some that are known to facilitate ZIF-8 

synthesis⎯methanol58 (MeOH), ethanol33c (EtOH), 1-butanol33c (BuOH), and 

water33a⎯and some that are not⎯dimethyl sulfoxide (DMSO) and acetonitrile (MeCN). 

Importantly, none of these solvents can form the sod phase of Zn(Im)2 from Zn(II) and 

imidazole in solution (in fact no direct synthesis of sod-Zn(Im)2 has been reported16b). 

This means that we can use PXRD to ensure that imidazole in the product was 

incorporated by linker exchange rather than by dissolution-recrystallization, as in the 

latter case we would observed a new crystalline phase. In all cases sod was the only 

phase present in all the exchanged samples used for kinetics analysis (See Figures AIII-1 

to AIII-6), indicating that imidazole was incorporated into the structure via linker 

exchange and not dissolution-recrystallization in all cases.59  
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[imidazole] 0.0294 M 0.0735 M 0.147 M 0.294 M 

Solvent kobs t1/2 kobs t1/2 kobs t1/2 kobs t1/2 

DMSO 0.61 ± 0.04 13 d 1.7 ± 0.1 5 d 4.2 ± 0.1 46 h 9.3 ± 0.4 21 h 

Ethanol 0.74 ± 0.05 11 d 3.4 ± 0.1 57 h 5.0 ± 0.1 39 h 12.8 ± 0.3 15 h 

1-Butanol 1.52 ± 0.08 5 d 4.5 ± 0.3 43 h 7.2 ± 0.2 27 h 16 ± 1 12 h 

Acetonitrile ⎯ b ⎯ 1.3 ± 0.1 6 d 5.8 ± 0.4 33 h 30 ± 2 6 h 

Methanol 2.7 ± 0.2 3 d 5.9 ± 0.3 32 h 13 ± 1 15 h 44 ± 4 4 h 

Waterc 20 ± 2 9 h 58 ± 7 3 h 176 ± 14 66 min 500 ± 30 23 min 
aUncertainty in kobs is expressed as the standard deviations of the slopes obtained from linear 

regressions of c2-MeIm versus time plots. bThe rate was too slow to be accurately measurable by 

our methodology, as indicated by a non-linear initial rate plot (Figure AI-4) and very low (11 % 

conv.) imidazole incorporation even after 10 d reaction (Table 3-3).  cRate measurements in 

water come from reactions at 4 °C, and the kinetics parameters for exchange in deuterium oxide 

with 0.147 M imidazole are kobs = 114 ± 11 and t1/2 = 101 min. 

Table 3-2. Experimental Rate Constants (kobs in s−1 × 10−6) and Calculated Half-lives of Ligand 

Exchange of ZIF-8/sod-Zn(MeIm)2 with Imidazolea 

 

We measured the initial rates of linker exchange in the five organic solvents at 70 

°C. We observed extremely fast exchange rates in water, which required that we make 

measurements in that solvent at 4 ºC instead. The results of our extensive kinetics 

measurements in these solvents are compiled in Table 3-2 and in plots of kobs versus 

[ImH0] in Figure 3-8 (Note: each point in Figure 3-8 comes from an entire set of ≥12 

separate batch reactions run to different times, plots in Appendix I). Rates of linker 

exchange varied widely even within one solvent. For example, for the MOF to get to 5 % 

exchange in DMSO (beyond the 2 % contribution from surface ligand exchange) took 20 
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h at the lowest [ImH0] but only 1 h at the highest [ImH0]. The wide variation in rates 

between solvents confirmed our expectation that MOF linker exchange is highly solvent-

dependent. At the highest [ImH0], 5 % conversion (1 h in DMSO) took 20 min in MeOH 

and only 2 min in water. 

 
Figure 3-8. Plots of observed initial rate constant, kobs, versus free concentration of imidazole, 

[ImH0], for (a) dimethyl sulfoxide, (b) ethanol, (c) 1-butanol, (d) acetonitrile, (e) methanol, and 

(f) water (filled) and deuterium oxide (open). Error bars indicate the 95 % confidence interval. 

Calculated empirical reaction orders in imidazole, nobs, are plotted on the right y-axes. 
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The first notable feature in the plots in Figure 3-8 is that the solvents can be split 

into two groups, those that display roughly linear dependence on [ImH0] (DMSO, EtOH, 

and BuOH) and those with significant polynomial character (MeCN, MeOH, and water). 

The polynomial curvature of the second group indicates empirical reaction orders in 

imidazole, nobs, that are greater than 1, and these calculated values, plotted on the right y-

axes in Figure 3-8, vary from 1−2 for MeOH and water to > 2 for MeCN. The observed 

greater than first-order dependence in imidazole could come from the involvement of 

multiple imidazole molecules in steps in or prior to the rate determining step. The 

fractional (non-integer) empirical reaction orders—meaningless for a reaction that occurs 

in a single elementary step—are, for a multistep reaction, the result of either multiple 

processes contributing to the overall rate or reversible steps in a single pathway.47 The 

solvents in the second group, with nobs > 1, generally had faster rates at all [ImH0] than 

those in the first group, with nobs ~ 1. The notable exception to this trend was acetonitrile, 

which began as the slowest solvent for exchange at low [ImH0] but became the third 

fastest at the highest [ImH0].  

The second striking feature in the rate data in Figure 3-8 is that, for all solvents, 

kobs increases with [ImH0] through the whole range of [ImH0], never reaching a limiting 

value. This is reflected also in the nobs values that are ≥ 1 in all solvents for the full range 

of [ImH0]. This finding is significant because it excludes sole contribution to the overall 

rate from pathways that involve the rate-determining dissociation of 2-methylimidazolate 

in an early step (i.e., eq. (3-5) to (3-6)). The rate from such pathways can exhibit first-

order dependence on entering ligand at low [ImH0], when the reverse reaction 5→2 is 

kinetically relevant, but would saturate to a limiting rate at high [ImH0].21 
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(3-5) 

 

(3-6) 

 

Instead, our results suggest involvement of an imidazole molecule in an early step 

before the dissociation of 2-methylimidazole (i.e., the general case eq. (3-7)). 

 

(3-7) 

 

 The standard interpretation of this behavior would be a mechanism in which 

imidazole associates to Zn(II) prior to 2-methylimidazole leaving.21 This interpretation is 

problematic for several reasons though. First, associative reactions are generally 

accelerated in solvents that are good donors for the metal,60 and yet we observed the 

slowest rates in DMSO, the solvent with the strongest coordinating power for Zn(II),61−62 

and moderate rates in the weakest donor, MeCN.63 Second, this interpretation fails to 

provide a rationale for the observed second-order in imidazole dependence in the second 

group of solvents. Finally, we would intuitively expect the bulky environment of methyl 

groups around Zn(II) (Figure 3-2) to hinder access to all but the smallest nucleophile. 

And we would also expect that the strain from rearrangement of the tetrahedral site in the 

solid to accommodate a fifth coordinating group would be energetically unfavorable 

compared to removal of a coordinating group by linker dissociation. This structural 

ZnZn N N

1

− ZnZn
N N

2

−

ZnZn

5

ZnZn
N N

2

−

MeIm−

Slow

1 P

ImH

MeImH

. . . . . .



	
   63	
  

reasoning, together with the empirical trends across solvents that run counter to our 

expectations for an associatively activated exchange pathway, lead us to conclude that 

there is likely a different mechanism behind the observed first-order and higher 

dependence in imidazole. 

3.6 Rationalization of the Solvent Trends from the Kinetic Behavior of Complexes in 

Solution 

 A key motivation for our work was to determine if the known kinetic behavior of 

complexes in solution could be used to rationalize the kinetic behavior observed for 

linker exchange reactions in solid MOFs. This unified view, which relates the kinetics of 

larger metal−ligand assemblies with that of simpler complexes has led to significant 

insight for many materials10,26a,26b,30f,31d,31f and natural phenomena.25d,27f,27k Consistent with 

this view, our consideration of the known kinetic behavior of ligand substitution in Zn2+ 

and chelate complexes led us to formulate a mechanism that can rationalize all of the 

seemingly inconsistent trends in our observed kinetics data. 

 The first realization was that, in studies of ligand exchange in Zn(II) 

complexes,64−73 tetrahedral complexes with two or more anionic ligands (such as 2-

methylimidazolate) invariably follow dissociative mechanisms,73 as do those with bulky 

ligands.74 These two effects can be easily understood as an excess of electron density or 

steric bulk around the metal disfavoring association by a nucleophile. The second was 

that, for chelate complexes, including those of Zn(II),72 proton-assisted or acid-catalyzed 

dissociation of the first binding group of the chelate75 is frequently rate-determining.72,76−78 

We can illustrate the reason for this second effect by using the reaction in ZIF-8 as a 

specific example. In the step shown in eq. (3-8) the reverse rate constant k21 is expected to 
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greatly exceed the forward rate constant k12, meaning that 2 is short-lived. This is because 

the dissociated N of the linker has both a high effective concentration, due to the other N 

still being attached to the framework, and also the perfect orientation to react and re-

coordinate to Zn(II). If, however, a proton can intercept the dissociated N (eq. (3-9)), it 

will be less able to re-coordinate to Zn(II). Furthermore the remaining Zn−N bond will be 

weakened by the protonation and thus more likely to dissociate. 

 

(3-8) 

 

(3-9) 

 

3.7 The Proton-Assisted Dissociation Pathway 

 Our hypothesis is that most of the observed first-order or greater dependence in 

imidazole for all solvents through the entire range of [ImH0], comes not from rate-

determining association of imidazole in a first step (eq. (3-10)),  

 

(3-10) 

 

but rather from proton transfer from imidazole to 1 in the first step (eq. (3-11)), consistent 

with the behavior of chelate complexes in solution. 

 

(3-11) 
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 These two types of pathways would give identical empirical reaction 

orders and thus an analysis based on nobs alone in a single solvent could not distinguish 

between them. However, by comparing trends in the magnitudes of kobs and nobs across 

solvents we concluded that the second pathway is more likely the first.  

The first trend that supports this hypothesis of a proton-assisted dissociation 

pathway is the trend in exchange rates with the coordinating ability of the solvent. 

Associative reactions such as eq. (3-10) are generally accelerated in solvents that are 

good Lewis basic donors for the metal because the solvent can associate as a ligand in a 

pathway that ends in ligand substitution; for example, rates of ligand exchange in Pt(II) 

square planar complexes that vary in the order MeOH < water << DMSO.60 For linker 

exchange in the MOF, however, we observed rates in the order DMSO < MeOH << 

water, which breaks with the order of coordinating power for Zn(II), which instead is 

MeOH < water < DMSO.61 The poor donor MeCN, with the lowest coordinating power 

for Zn(II) of all six solvents is nevertheless the third fastest solvent for exchange at high 

[ImH0], which also contradicts what would be expected for an associative pathway.  

A step that generates an imidazolate anion (eq. (3-11)) would clearly be facilitated 

in solvents that are good hydrogen bond donors (HBD) and thus can stabilize and solvate 

anions (Figure 3-9b and Table AV-2). The rapid exchange kinetics in the good HBD 

solvents MeOH and water are therefore consistent with this hypothesis of proton-assisted 

dissociation pathway. Also consistent is the fact that exchange in water was not 

somewhat, but significantly faster than exchange in MeOH. Water could stabilize the 

imidazolate anion particularly well by both hydrogen bonding and by favorable acid-base 

equilibria in solution (eq. (3-12)). Furthermore, water can facilitate rapid proton transfer 
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by acting as a proton shuttle.79 It was initially less clear how the poor HBD solvent 

MeCN could support rapid linker exchange by the same mechanism. 

 (3-12) 

By examining the known behavior of imidazole in MeCN, we were able to not 

only rationalize how this solvent could facilitate rapid exchange by the proton-assisted 

dissociation pathway, but also make sense of the initially surprising pronounced second-

order in imidazole dependence in MeCN, which was the highest of any solvent tested. 

While MeCN is a poor HBD solvent, and thus does not hydrogen bond with the N of 

imidazole or stabilize the imidazolate anion like MeOH and water, its moderate polarity 

(Table AV-1) combined with its lack of strong donor or acceptor properties make it 

suited to facilitate hydrogen bonding among solutes. Imidazole speciation has been 

measured previously in various solvents,80 and MeCN was found to support the formation 

of hydrogen-bonded imidazole dimers, (ImH)2 (Table AV-4), whereas in the same 

experiments such dimers were undetectable in DMSO or MeOH. Involvement of these 

hydrogen bonded imidazole dimers could explain the pronounced second order in 

imidazole kinetics in MeCN (Figure 3-9a). Indeed, kinetic behavior with second order 

dependence in exchanging ligand is exceedingly rare for soluble complexes, but it has 

been observed occasionally for ligands with the capability to form intermolecular 

hydrogen bonds.27l,81 

Im� +H2O ↵ ImH +OH�
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Figure 3-9. Hypothesis that second-order in imidazole kinetics could be a consequence of 

imidazole dimers playing a key role in a first step, rate-determining proton transfer to the 2-

methylimidazolate linker. 

	
  
	
  

This dimer-driven mechanism for MeCN could explain why linker exchange in 

MeCN is initially so slow compared to the other two nobs > 1 solvents (MeOH and water) 

at low [ImH0]. Good hydrogen bond donors such as MeOH and water can facilitate 

proton donation by imidazole directly, by participating in a hydrogen bond and also by 

stabilizing the resulting anion (Figure 3-9e). Meanwhile, MeCN promotes proton 

donation by imidazole indirectly, by not interfering with imidazole’s natural tendency to 

hydrogen bond with itself (Figure 3-9c). Thus, at low [ImH0] in MeCN, where dimer 

formation is rare, there is no suitable proton donor to break the linker bridge (eq. (3-9)). 

At higher [ImH0], imidazole forms dimers that function as better proton donors than 
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imidazole acting alone, and that serve as Brønsted-Lowry acids in the proton-assisted 

dissociation pathway. In other words, the kinetically relevant proton donor in MeOH and 

water is either ImH or (ImH)2, whereas in MeCN it is the dimer (ImH)2 only. This 

explanation could account for the fact that the nobs values were between 1 and 2 in MeOH 

and water, whereas they were consistently ~2 in MeCN. 

DMSO, with the lowest HBD capability of any of the solvents tested (Figure 3-

9b) would, like MeCN, not tend to promote the acidity of the N−H proton in imidazole 

by hydrogen bonding to the basic N, which begs the question of why it would not, as 

another polar aprotic solvent, support second order kinetics by the imidazole dimer 

mechanism. Two related experimental facts about DMSO easily rationalize this trend. 

First, anions are notoriously poorly stabilized in DMSO (hence the high Bordwell pKa 

values for acids that generate anions).82 Second, DMSO disrupts hydrogen-bonded 

networks due to its high HBA basicity (Figure 3-9d) and very low HBD acidity.82 

 A final experiment that supports the importance of proton transfer in or prior to 

the rate-determining step comes from deuterium kinetic isotope studies in water. We 

observed 33 % slower reaction rates in D2O compared to H2O at a moderate [ImH0] of 

0.147 M (Table 3-2, Figure 3-8f, Figure AI-6, kobs = 1.14 x 10−4 s−1 at 4 ºC and [ImH0] = 

0.147 M), which corresponds to a normal solvent kinetic isotope effect of 1.5. This 

finding is consistent with proton transfer events being in or prior to the rate-determining 

step.46,83 The slowed rates in D2O could be a result of either rate-limiting proton transfer 

by water/hydronium or imidazole or both, as the N-H proton in imidazole rapidly 

exchanges with deuterium before the exchange reaction begins.  
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 At present, the anomalously slow linker exchange kinetics for EtOH are confusing 

in light of our proposed proton-assisted dissociation pathway. However the anomaly is a 

useful one, as the faster linker exchange kinetics in BuOH than EtOH at every [ImH0] 

measured (90−95 % confidence) effectively rules out the possibility of rate control by 

diffusion. EtOH has a diffusivity 5 orders of magnitude faster than that of BuOH in ZIF-8 

at 70 °C.55 A possible reason for the faster exchange in BuOH could come from the 

strong adsorption of BuOH compared to the shorter alcohols in ZIF-8,84 but more 

experiments would be needed to distinguish this possibility from others. A related open 

question on the solvent-dependence of linker exchange kinetics in ZIF-8 is the role of the 

solvent in shifting the initial and final thermodynamic energy of MOF,85,86 rather than just 

the kinetic barriers. 

3.8 Dye encapsulation experiments to probe linker exchange at low free ligand 

concentration 

 Having gathered a large amount of kinetic data on the solvent dependence of 

linker exchange in ZIF-8, we turned to reinvestigate our previously reported guest 

encapsulation by dissociative linker exchange method (Chapter 2),18 to both understand 

this useful approach to guest encapsulation19−20 in light of new evidence, and to 

complement our kinetic studies by providing (1) indirect evidence of an intermediate in 

the hypothesized proton-assisted dissociation pathway and (2) insight into the 

mechanism(s) at low concentration of free ligand, where we cannot directly measure rates 

of linker exchange. 

In Chapter 2, we demonstrated that the encapsulation of molecules larger than the 

pore aperture size in the cage-like MOF ZIF-8 occurred more readily in the absence of 
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free ligand.18 This tendency was explained by the formation of temporary linker 

vacancies that were created as a result of dissociative linker exchange. These temporary 

linker vacancies enlarge the pore apertures in the MOF and allow large guest molecules 

to diffuse into the pore (Figure 3-10). In the present study, we measured the solvent 

dependence of guest encapsulation in ZIF-8 by this method to complement our kinetic 

rate data in two ways. First, such experiments can further test the validity of our proton-

assisted dissociation mechanism, as this pathway involves the missing-linker 

intermediate, 5, that is necessary for guest encapsulation (Figure 3-11). Second, these dye 

uptake measurements provide insight into which mechanism(s) are most significant at 

low concentration of free ligand, where we cannot directly measure rates of linker 

substitution. 

 
 

 
Figure 3-10. Encapsulation of a large organic dye by a dissociative linker exchange pathway in 

ZIF-8/sod-Zn(MeIm)2. 

 
 

Using our previous methodology (Chapter 2),18 we measured the amount of 

Rhodamine 6G (R6G) dye (~11 Å in diameter) that was encapsulated in ZIF-8 (pore 

aperture size 3.4−4.2 Å, pore size 11.6 Å)37,87 after one week at 100 °C in same solvents 
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that were used for the kinetic measurements. We measured dye loadings resulting from 

reactions both in the absence of free ligand in solution and at a moderate concentration 

(0.147 M) of the native ligand, 2-methylimidazole. In the resulting dye loadings in Figure 

3-11a, three main features stand out. First, the highest amount of dye encapsulation by far 

occurred in protic solvents, and the order (water > EtOH ~ MeOH > BuOH > MeCN ~ 

DMSO) generally follows the solvents’ order of HBD strength. Second, the addition of 

free MeImH caused a decrease in the amount of dye encapsulated in all solvents. Third, 

water alone sustains high amounts of dye encapsulation at moderate [MeImH], which 

makes water again unique among the solvents. 

The dye encapsulation results in Figure 3-11a provide additional support for our 

hypothesis of a proton-assisted dissociation pathway. They also suggest that DMSO does 

not follow this pathway even at low concentration of free ligand, and furthermore point to 

some unique aspects of water as a solvent for linker exchange in ZIF-8. The support for 

the proton-assisted dissociation pathway is evident from the close correlation between 

dye encapsulation amount and the Kamlet-Taft α parameters for solvent HBD acidity 

(Table AV-2 and Figure 3-9b).  
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Figure 3-11. (a) Loadings of Rhodamine 6G (R6G) dye guest into ZIF-8 as determined by 

digestion UV/vis. (b) Proposed molecular pathway for dye encapsulation.	
  

 

Figure 3-12. Photographs of the solvent dependent encapsulation of Rhodamine 6G dye 

encapsulation in ZIF-8, both without (top row) and with (bottom row) free ligand. 
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With no free ligand around, the HBD solvents (BuOH, EtOH, MeOH, and water) 

could assist linker dissociation by stabilizing the dissociated linker anion (eq. (3-6)). This 

role is similar but distinct from the role we proposed for these solvents in facilitating 

proton transfer in the presence free imidazole (eq. (3-11)). Whether by facilitating proton 

transfer (at high [ImH0]) or by stabilizing an anion via hydrogen bond donation (with no 

free ligand), the HBD solvents promote linker dissociation by involvement of a proton. 

Hence, we have collectively labeled these related processes the proton-assisted 

dissociation pathway. 

 While we hypothesized that linker exchange in MeCN follows the same proton-

assisted dissociation pathway, the extremely low uptake of dye in this solvent with no 

free ligand (as opposed to the HBD solvents) still makes sense in light of our proposed 

mechanism. In our proposed pathway, MeCN depends on imidazole dimers as the proton 

donor. Therefore, linker dissociation cannot occur to a significant extent in the absence of 

free imidazole. The low dye uptake in MeCN at moderate [MeImH] is consistent with 

what was observed for MeOH and EtOH (and to a lesser extent BuOH). This decrease in 

dye uptake in the presence of free ligand is consistent with a mechanism in which free 

MeIm(H) and the dye molecule compete for the intermediate 5 (Figure 3-11b).  

Two phenomena then remain to be explained. Why is water uniquely able to 

facilitate high amounts of dye encapsulation in the presence of free ligand? And why 

does DMSO lead to such low encapsulation? 

Putting aside our mechanistic model, we would expect guest encapsulation to 

occur most readily in a solvent that can stabilize the open Zn(II) sites in 5, thus “leaving 

the window open” (Figure 3-10) for diffusion of R6G. While the order of water > MeOH 
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agrees with this expectation, DMSO, with the strongest donor power for Zn(II), is again 

an outlier. In the context of our other findings, though, this seeming discrepancy can be 

resolved. DMSO, a non-HBD solvent, solvates anions poorly and thus cannot support the 

proton-assisted dissociation pathway that leads to encapsulation. The fact that this 

behavior pervades even at low concentration of free ligand suggests that exchange in 

DMSO occurs through a different pathway, rather than by the same pathway as the other 

solvents at a slower rate. Drastic changes in reaction medium can often affect mechanism 

rather than just changing kinetic parameters.57 Saving the discussion of water’s 

anomalous behavior for a later section, we will briefly address this alternative pathway in 

DMSO. 

3.9 An Eigen-Wilkins pathway for DMSO 

Having arrived at a mechanism, the proton-assisted dissociation pathway, that is 

consistent with all the experimental observations⎯the solvent ordering in kobs and dye 

encapsulation, the unique behavior of MeCN, the pronounced second-order in imidazole 

dependence for some solvents, the rapid kinetics in water, and the normal solvent kinetic 

isotope effect⎯we are left to consider that that DMSO, a non-HBD solvent, does not 

likely follow the same pathway. Two experimental observations support this conclusion 

of a distinct mechanism for DMSO. First, DMSO was the worst solvent for guest 

encapsulation, despite the fact that it should be an exceptional solvent to stabilize 5. 

Second, when we ran linker exchange reactions for extended reaction times (10 d at 70 

°C), DMSO was the only solvent to not result in a crystalline phase change from sod to 

the dense zni phase at any [ImH0] (summarized in Table 3-3 and Figure 3-13, PXRD 

patterns in Figures AIII-10 to AIII-15, and discussion on pp 144−151). The crystalline 
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phase change occurred for all [ImH0] in water and MeOH at these extended, 10 d, 

reaction times, causing us to question if it is an inevitable consequence of a rapid 

exchange rate. However, from our quantitative rate data, we can see that exchange 

occured in DMSO at [ImH0] = 0.294 M at a rate 13 and 3 times faster than conditions that 

led to the sod to zni crystalline phase change (in EtOH and MeOH, respectively, both at 

0.0294 M). Thus, the tendency for a solvent to result in a crystalline phase change at long 

reaction times is not rate dependent so we concluded that it must be mechanism 

dependent.  

 

Table 3-3. Values for conversion and phases observed for 10-day reactions at 70 °C. 
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Figure 3-13. Equilibrium constant versus initial [ImH] for 10-day reactions at 70 °C. Shading of 

the data points indicates qualitatively the relative amount of each phase observed in PXRD 

(patterns in Figures AIII-10 to AIII-14). Keq = 1 (thermoneutral) is indicated with dashed lines. 

 

 

 A mechanistic pathway that could rationalize the above trends is an Eigen-Wilkins 

pathway, as is common for the substitution of octahedral complexes.88 The distinguishing 

feature of this pathway is the rapid formation an encounter complex of imidazole in the 

secondary coordination sphere of Zn(II) with the correct orientation for reaction (eq. (3-

13)) before subsequent interchange of the ligands between the first and second 

coordination spheres (eq. (3-14)). 

 

(3-13) 

 

(3-14) 

 

This mechanism is consistent with the observed kinetics, as it could lead to the 

first-order dependence in imidazole up to high [ImH0] provided the equilibrium constant 

in the first step is small.89 The second feature that makes it attractive for interpreting our 

results is that such a mechanism allows imidazole to “search” for the correct orientation 

prior to reaction, which could explain why linker exchange in DMSO is so resistant to 
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orientation of the departed linker,88e the Eigen-Wilkins pathway may involve many 

collisions that fail to result in reaction before the “correct” orientation is obtained, leading 

to exchange of the linkers with preservation of the sod topology.  

 Questions remain as to the nature of activation in the interchange step,88 however 

these are not kinetically distinguishable by our experiments.90 Thus we will not speculate 

on rigorous classification at the expense of the main goal, which is to understand the 

kinetic properties88c of ZIF-8 linker exchange in DMSO. These are (1) a rate that is first-

order in imidazole at all [ImH0], (2) evidence against the existence of a missing linker 

intermediate, despite DMSO’s ability to stabilize Zn(II), and (3) a unique ability (among 

the solvents tested) to preserve the sod topology at long reaction times even with 

moderately rapid rates of exchange at high [ImH0]. The Eigen-Wilkins pathway proposed 

above satisfactorily accounts for these empirical observations. The generality of this 

mechanism means that it could likely occur for other solvents; however, by the electrical 

circuit analogy to chemical reactions,92 exchange in those solvents will likely prefer to 

follow the “path of least resistance”, which is the faster proton-assisted dissociation 

pathway.  

3.10 Insight into the unique behavior of water  

Finally, the most striking discovery in this study was the remarkable rate 

enhancement that we observed for linker exchange in water. To get a better sense for the 

magnitude of these rate enhancements, we needed to get rate constants for a different 

solvent at 4 ºC. The slow rates observed in solvents other than water at 4 ºC precluded 

direct measurement at these temperatures. Therefore, we calculated kobs for linker 

exchange reactions in BuOH at 4 ºC by extrapolating from an Eyring plot obtained in 
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BuOH at [ImH0] = 0.0735 M (Figure 3-14).93 Compared to linker exchange rates in water 

(kobs = 5.8 x 10−5 s−1 at 4 ºC, t1/2 of 3 h), the reaction rates in BuOH (kobs = 6.5 x 10−7 s−1 at 

4 ºC, t1/2 of 12 d) are predicted to be over two orders of magnitude slower! This dramatic 

rate enhancement and the normal kinetic isotope effect of 1.5 are both consistent with the 

proton-assisted dissociation pathway, in which the linker exchange reaction benefits 

from anion stabilization and/or proton shuttling reactions, both of which are superior in 

water. 

	
  
Figure 3-14. Eyring plot used to estimate kobs at 4 °C in n-butanol with [ImH0] of 0.0735 M. 

Experimental rates were measured at 75−105 °C, and a linear fit was used to extrapolate to 4 °C. 

Error bars indicate the 99 % confidence interval. Uncertainty in the slope and y-intercept come 

from the standard error of the fitting coefficients in the least squares linear regression  

	
  
The other noteworthy behavior of water in this study was the significant dye 

encapsulation that persisted even in the presence of free ligand, unlike for any other 

solvent. This behavior suggests that the missing linker intermediate necessary for 

encapsulation may be particularly stable in water. A compelling explanation for this 

effect comes from a variant on 5, the hydroxyl-terminated missing linker intermediate (11 

in eq. 3-16)). This species, a point defect94 formed from the hydrolysis of 1 in the bulk of 

the crystal (eq. (3-15) to (3-16)), has been spectroscopically observed following the 
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exposure of ZIF-8 to water.95 It has also been computationally characterized,96 and similar 

species have been invoked for the external crystal surface.97 The apparent high stability of 

this species96 means that it is likely to form during our reactions in water. The high 

stability of 11 could cause this intermediate to be exceptionally long-lived during linker 

exchange reactions compared to the less stable solvent-terminated 5, thus allowing 11 to 

build up in concentration even at moderate [MeImH]. Consequently, this build up of 11 

could explain the greater encapsulation of R6G in the pores of ZIF-8 in reactions in 

water. 

 

(3-15) 

 

(3-16) 

 

Just because 11 can be observed, however, does not mean that it is kinetically 

relevant for the linker substitution reaction with imidazole. We cannot at present 

distinguish whether pathways involving 11 contribute much to the overall rate of linker 

exchange. Nevertheless, we bring up the pathway for two important reasons. First, a 

defect-driven mechanism (involving 11) for MOF linker exchange in ZIFs was recently 

proposed by Zhang et al.,96 a claim that we can now analyze in light of new experimental 

findings. Second, the hypothetical reaction pathway involving 11, the –OH missing linker 

defect pathway (Figure 3-15), is striking because it involves entry of water in the first 

step and regeneration of water in the final step. In other words, it forms a catalytic cycle 

with water as the catalyst.  
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The catalytic character of the proposed –OH missing linker defect pathway for 

reactions in water along with the extremely rapid kinetics of linker exchange in water 

bring up an unsettling possibility: could catalytic amounts of water in the organic 

solvents be responsible for the observed kinetic behavior? Water is of course a common 

impurity in many organic solvents. To test this possibility, we measured linker exchange 

kinetics under anhydrous conditions in MeCN. We observed no difference within 

experimental uncertainty between the conversions obtained in anhydrous MeCN and the 

values used to obtain the kobs vs. [ImH0] plots (Figure AI-4). Therefore, if the –OH 

missing linker defect pathway, is kinetically relevant to the overall rate, it requires some 

of the bulk properties of water, and not merely catalytic action by single water molecules. 

Consequently, we can conclude that trace quantities of water present in many of the 

organic solvents tested were not responsible for the observed kinetics; which furthermore 

suggests that, while the defect-driven mechanism96 could be kinetically relevant for linker 

exchange of ZIFs in water, it is not kinetically significant for linker exchange reactions in 

organic solvents. 

Linker substitution kinetics in these solvents can more coherently be understood 

in terms of the proton-assisted dissociation pathway for water, MeOH, EtOH, BuOH, and 

MeCN and the Eigen-Wilkins pathway for DMSO. Reaction schemes of these proposed 

pathways are given in Figure 3-15, along with the –OH missing linker defect pathway for 

water that is important for guest molecule encapsulation, but that is not necessarily 

kinetically relevant for linker substitution. While our mechanistic model, like all such 

models, is a simplified view of reality and must be subject to revision if conflicting 

empirical facts come to light, the hypothesized pathways in Figure 3-15 are consistent all 
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of our empirical kinetic and structural data for these reactions, and we anticipate that they 

will be useful in predicting the reactivity of linker exchange in ZIFs. Our deduction of 

this mechanistic model and, in particular, the resulting insights into the kinetic behavior 

of the MOF linker exchange reaction of ZIF-8 with imidazole, demonstrates the power of 

using quantitative rate data to study this important class of reactions. 

	
  
Figure 3-15. A three-pathway mechanism consistent with the experimental data on ZIF-8/sod-

Zn(MeIm)2 linker substitution with imidazole (ImH). 

	
  
 

3.11  Conclusion 

In this study, we have established a reliable protocol to study the kinetics of linker 

exchange reactions in MOFs. We propose a roadmap for future quantitative MOF ligand 

exchange studies based on what we have learned in this initial report: (1) ligand 

incorporation should be measured at long reaction times and at different temperatures to 

both ensure that conversion is high enough to satisfy the constraints of the method of 

initial rates and to check for phase transformations by powder XRD, (2) the rate of linker 

exchange should be measured for MOFs of various particle sizes to establish that 
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diffusion is not rate-controlling under the conditions. Under ideal circumstances, particles 

should be chosen for analysis in the range where the observed rate is independent of size 

and below the transition to diffusion controlled reactions, (3) kinetics for the linker 

exchange reaction can then be acquired varying the parameters of interest such as ligand 

concentration, solvent dependence, temperature dependence, etc.  

After applying this kinetic methodology to understand the solvent dependence of 

the linker exchange reaction of ZIF-8 with imidazole, we were able to formulate a 

mechanism that is consistent with all of the obtained kinetic and structural data. 

Specifically, our hypothesized mechanism is as follows (Figure 3-15): Solvents that are 

good hydrogen bond donors (water and MeOH) and solvents that support intermolecular 

hydrogen bond formation among imidazole (MeCN) facilitate rapid linker substitution in 

ZIF-8 by opening up a pathway (proton-assisted dissociation) that allows for fast 

exchange. Strong electron pair donor solvents (DMSO) must instead proceed through the 

slower Eigen-Wilkins pathway. Both pathways exhibit at least first-order dependence in 

imidazole, but the proton-assisted dissociation pathway allows for second-order and 

higher dependence in imidazole. Regarding the exchange reactions at very low 

concentrations of free linker that allow for appreciable guest encapsulation using select 

solvents (water, MeOH, EtOH, and BuOH), it seems that this is the same proton-assisted 

dissociation pathway as at high [ImH0], but with the solvent molecules as hydrogen 

bond/proton donor rather than imidazole itself. Linker exchange via the proton-assisted 

dissociation pathway is more rapid, but the slower Eigen-Wilkins pathway seems better 

able to prevent structural rearrangement and crystalline phase change at long reaction 

times and high values of conversion.  
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Water is a unique solvent for linker substitution in ZIF-8 for several reasons. 

First, water supports rapid exchange rates, which are two orders of magnitude faster than 

BuOH at the same temperature and [ImH0]. Second, water’s high encapsulation of dye 

persists even with moderate concentrations of free ligand, unlike any other solvent tested. 

This behavior led us to propose a unique exchange pathway in water, the –OH missing 

linker defect pathway, which relies on the peculiar stability of a point defect in ZIF-8 that 

has been experimentally observed.95 The ubiquity of trace water in common organic 

solvents made it important for us to know if the observed rates of exchange in the other 

solvents came from catalytic quantities of water in those solvents. Contrary to this notion, 

anhydrous experiments in MeCN displayed identical conversions to the wet solvent, 

which indicates that some bulk properties of water are needed to explain the rapid 

kinetics in that solvent. 

Looking to the future of mechanistic studies of linker exchange reactions in 

MOFs, it will be difficult to get the large quantities of kinetic data required to generalize 

phenomena to a wide set of MOF types and linkers unless the laborious and material-

intensive ex situ digestion method can be replaced by suitable in situ techniques. We 

were pleased to see some effort in this area with the recent use of solid-state 2D-1H-NMR 

to study a linker exchange reaction in ZIF-8.36 Other possible in situ methods include 

solid state 67Zn-NMR42,64 and X-ray diffraction.98 Ex situ analysis of MOF composition is, 

however, the most unambiguous method of confirming linker exchange, and it will likely 

continue to compliment the more rapid in situ methods. We anticipate that our use of a 

standard material that can readily be obtained in large quantities could allow our carefully 

collected set of rate data to be used as a training set to validate these more rapid in situ 
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methods. As our understanding of linker exchange reactions in MOFs evolves, linker 

exchange that arises from MOF metal-ligand bond dynamics may come to be seen as not 

only a valuable synthetic tool but also a responsive materials property, similar to the 

adsorbate-responsive breathing behavior that arises from MOF structural flexibility.99 A 

recent example highlights how this could unfold for MOFs,34,100 and we can see clearly 

the power of metal-ligand bond dynamics for responsive behavior in other 

materials.26e−g,31 For all aspects of MOF research affected by metal-ligand bond 

dynamics⎯be it stepwise synthesis, understanding of self-assembly, or responsive 

properties⎯we anticipate that the understanding enabled by quantitative kinetics studies 

of linker exchange will help unleash their full potential in this fascinating class of 

coordination compounds. 

Experimental Methods 

General Considerations. Unless otherwise stated, all synthetic procedures were carried 

out under standard conditions in air on the bench. All solvents were ACS grade solvents, 

purchased from Fisher (MeOH, EtOH, and BuOH), Sigma Aldrich (MeCN and DMSO), 

or Cambridge Isotope Laboratories (D2O, D 99.9 %) and were used without further 

purification except where specified. Commercial ZIF-8 (Basolite Z1200) was purchased 

from Aldrich and produced by BASF. Imidazole (99 %) was purchased from Alfa Aesar. 

2-methylimidazole (99 %) was purchased from Sigma Aldrich. Methylsulfonylmethane 

(USP, pharmaceutical secondary standard) was purchased from Sigma Aldrich and 

produced by Fluka Analytical. Proton nuclear magnetic resonance spectroscopy 

(1H−NMR) spectra were recorded on a Varian (Agilent) 600 MHz spectrometer. Powder 

XRD patterns were acquired on a Bruker D2 PHASER diffractometer. 
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Kinetic Measurements in Organic Solvents. The kinetic measurements were made 

using a modification to our previously published method.18 Stock solutions of 0.588 M 

imidazole in MeOH, EtOH, BuOH, MeCN, and DMSO were prepared at room 

temperature. ZIF-8 crystals (15 mg, 65.9 × 10−3 mmol Zn(2-MeIm)2) were weighed into a 

3 mL glass serum vial. An appropriate volume of pure solvent (2.850, 2.625, 2.250, or 

1.500 mL, for 0.0294, 0.0735, 0.147, and 0.294 M imidazole, respectively) was added to 

the vial and solids were suspended by sonication. Upon adding an appropriate volume of 

0.588 M imidazole stock solutions (0.150, 0.375, 0.750, or 1.500 mL, for 0.0294, 0.0735, 

0.147, and 0.294 M imidazole, respectively), the vial was immediately capped with a 

PTFE-lined aluminum crimp seal vial, shaken manually, and placed in the aluminum 

heating block of a Labmate synthesizer thermostated at 70 °C. The reactions were 

incubated at 70 °C with 450 rpm shaking for a predetermined amount of time. Reactions 

were run in groups from 4 to 6 separate vials at a time. Conversion values are an average 

of 3 separate reactions. Reactions were repeated on different days using different stock 

solutions ensure reproducibility. At the end of the allocated time, the reactions were 

quenched by immersing the vials in either ice water (BuOH, MeOH, EtOH, and MeCN) 

or room temperature water (DMSO, to avoid freezing). Suspended solids were rapidly 

transferred into 15 mL centrifuge tubes and centrifuged at 3300 rpm for 5 min. The solid 

precipitate was triturated, and the product was re-suspended in fresh methanol (5 mL). 

The centrifugation and trituration was repeated 3 times with 5 mL of methanol each time. 

The isolated solids were transferred to pre-weighed glass vials and the residual solvent 

was removed in a vacuum oven at 100 °C overnight. Yields were not calculated due to 

losses during transfer steps, but mass recovery values were recorded to determine typical 
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values (ca. 85 %) and to signal if a given set of conditions fell below the typical values, 

indicating MOF dissolution. Kinetic measurements for Eyring analysis were carried out 

in BuOH following the general procedure above, using temperatures of 75, 85, 95, and 

105 °C with 0.0735 M imidazole. Conversion was determined following the below 

procedure and results appear in Figure AI-9 and Table AI-7. 

Kinetic Measurements in Water. Reactions in water were conducted at 4 °C in a 

thermostated cold room. All volumetric measurements were made at room temperature. 

Firstly, solid ZIF−8 crystals (0.015 g, 65.9 × 10−3 mmol) were weighed into a 1.5 dram 

glass vial. Then, at room temperature, a volume of deionized water (2.850, 2.625, 2.250, 

or 1.500 mL, for 0.0294, 0.0735, 0.147, and 0.294 M imidazole, respectively) was 

pipetted into the vial and the mixture was sonicated until the solid was evenly dispersed 

(~10 s). A volume of 0.588 M imidazole in water stock solution (0.150, 0.375, 0.750, or 

1.500 mL, for 0.0294, 0.0735, 0.147, and 0.294 M imidazole, respectively) was pipetted 

into a separate small plastic centrifuge tube. The solutions were then transferred to the 

cold room and allowed to equilibrate at 4 °C for at least 15 min. Upon transferring the 

imidazole solution, the vials were capped, shaken manually, and placed in the aluminum 

heating block of a Labmate synthesizer that had equilibrated at 4 °C for at least 2 h. The 

reactions were incubated at 4 °C with 450 rpm shaking for a predetermined amount of 

time. To minimize time error, reactions run for less than or equal to 10 min were carried 

out with only two vials in parallel, while the rest of the reactions were carried out with 4 

reactions in parallel. At the end of the allocated time, the reactions were quenched by 

transferring the suspended solids to 3 mL of methanol at 4 °C, and then washed as 

described for organic solvents, but with all steps performed at 4 °C. Conversion values 
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are an average of 3 separate reactions. Reactions were repeated on different days using 

different stock solutions to ensure reproducibility. The extent of linker incorporation was 

determined following the below procedure and results appear in Figure AI-6 and Table 

AI-6. 

MOF Digestion and Quantitative 1H NMR analysis. Methylsulfonylmethane (MSM) 

was chosen as the internal standard due to its strong resolvable peaks, ease of obtaining in 

analytical grade, and low hygroscopicity.101 Dried Zn(2-MeIm)2−x(Im)x samples were 

weighed and dispersed in 0.630 mL of 30.0 mM MSM in D2O to which was added 0.020 

mL of 98 % D2SO4 leading to digestion of the solids. 1H NMR (600 MHz, D2O): δ 8.43 

(s, 1H), 7.21 (s, 2H), 7.01 (s, 2H), 2.87 (s, 6H), 2.34 (s, 3H). Representative 1H NMR 

spectra are shown in Figure 3-16 and 3-17. The spin-lattice relaxation times (T1) of each 

proton in solution were determined by the inversion recovery method for representative 

samples (Table 3-4 and Figure 3-18) and are given in the order of their line listing: 4.16 

(± 0.02) s, 4.25 (± 0.01) s, 3.88 (± 0.02) s, 3.3 (± 0.1) s, 2.81 (± 0.06) s. Changes in 

sample preparation from our previous study (Chapter 2)18 were made. Specifically, we 

used a higher concentration of digested solids, a lower concentration of acid, and MSM 

instead of tetramethylammonium bromide as internal standard, which resulted in shorter 

T1 values, allowing for shorter acquisition parameters. On the basis of the measured T1 

values, spectra were acquired with acquisition time of 4.2 s and an interpulse delay of 

16.8 s. The pulse angle was set at the corresponding Ernst angle of 90 ° and 16 transients 

were taken per acquisition. The peaks at 8.43 ppm for imidazole and at 2.44 ppm for 2-

methylimidazole were least overlapped (Figure 3-16) and were used to calculate 

conversions, except for exchange in D2O, where the peak at 7.21 ppm was used due to 
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H/D exchange at the 2-position of imidazole. The number of spectra per data set for each 

solvent is 52 (DMSO), 53 (ethanol), 50 (1-butanol), 62 (MeCN), 51 (methanol), and 48 

(water). Representative 1H-NMR spectra given below and all conversion versus time 

plots are given in Appendix I. 

 
Figure 3-16. A representative 1H-NMR spectrum from the kinetics measurements showing the 

peaks used for analysis. The sample shown was run in H2O at 4 °C with [ImH] = 0.0735 M and 

stopped at 20 min. 
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Figure 3-17. Detail of the imidazole protons in the 1H-NMR spectra for representative samples in 

a kinetics run. Samples shown are from MeOH with [ImH] = 0.0294 M.  

 

T1 Measurements. The spectra from a spin-lattice relaxation time, T1, measurement 

(entry 3 in Table 3-4) are shown in Figure 3-18. Three T1 measurements were taken for 

samples with different values of conversion and are given in Table 3-4. In light of these 

measurements, the acquisition time (at) was set to 4.2 s and the interpulse delay (d1) was 

set to 16.8 s (4 × at).  

 T1 values (s)  

entry A (1H, Im) 
8.5 ppm 

B (2H, Im) 
7.3 ppm 

C (2H, MeIm) 
7.1 ppm 

E (6H, MSM) 
2.9 ppm 

F (3 H, MeIm) 
2.4 ppm χ2-MeIm 

1 4.27 ± 0.09 4.7 ± 0.3 3.6 ± 0.2 3.1 ± 0.3 2.7 ± 0.2 0.9616 

2 3.76 ± 0.7 4.0 ± 0.1 3.66 ± 0.07 3.2 ± 0.3 2.47 ± 0.04 0.9270 

3 4.16 ± 0.02 4.25 ± 0.01 3.88 ± 0.02 3.3 ± 0.1 2.81 ± 0.06 0.9123 
Table 3-4. Spin-lattice relaxation time, T1, values for samples of digested Zn(2-MeIm)2−x(Im)x at 

various values of conversion. 
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Figure 3-18. 1H-NMR spectra from a T1 measurement (entry 3 in Table 3-4) by the inversion 

recovery method. 
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15 mL pure solvent or 11.25 solvent + 3.75 mL 0.588 M 2-methylimidazole in solvent 

for a total [2-methylimidazole] of 0.147 M. The mixture was sonicated, the vial capped, 

and placed in a 100 °C oven to incubate for 7 days. At the end of reaction, the pink solids 

were collected by centrifugation at 5k rpm for 10 min after which the supernatant was 

decanted. The solids were then washed 5 × in dispersion/centrifugation cycles using 10 

mL of 1.4 % (w/w) polyvinylpyrrolidone (MW~29,000) in methanol solution to wash 
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away surface-adsorbed dye (Chapter 2).18 The washed R6G⊂ZIF-8 products were dried 

in a vacuum oven overnight at 100 °C before weighing. 

Digestion UV/Vis absorption measurements: To determine R6G dye loadings, we first 

digested 10 mg of R6G⊂ZIF-8 in 2 mL of 1 % (w/w) hydrochloric acid in methanol. The 

solutions were transferred to glass cuvettes and the absorbance values at 530 nm were 

converted by direct calibration with standards of R6G in HCl/methanol to wt. % loadings 

of R6G in ZIF-8. 

Synthesis of 85, 125, 240, and 400 nm ZIF-8: The synthesis procedure was adapted 

from previous reports.102,103 A 1.32 M solution of 2-MeImH was prepared by adding 

10.837 g MeImH to a volumetric flask and diluting to 0.100 L with deionized water. A 

0.01 M cetyltrimethylammonium bromide (CTAB) solution was prepared by adding 

0.3645 g of CTAB to a volumetric flask and diluting to 0.100 L with deionized water 

(dissolves slowly). A 0.024 M Zn(NO3)2 solution was prepared by adding 0.7140 g 

Zn(NO3)2·6H2O to a volumetric flask and diluting to 0.100 L with deionized water. 

Reactions were carried out in stainless steel autoclaves (Parr) with 45 mL capacity PTFE 

liners. In a PTFE liner, 17.5 mL of the 1.32 M 2-MeIm solution was combined with 

variable amounts of the 0.01 M CTAB solution: 1.260 mL (85 nm), 1.008 mL (125 nm), 

0.504 mL (240 nm), and 0.252 mL (400 nm). The solutions were then mixed by stirring 

at 500 rpm for 5 min followed by the addition of 17.5 mL of the 0.024 M Zn(NO3)2 

solution. Stirring was continued for 5 min, after which the stirbar was removed and the 

PTFE liner was transferred into the stainless steel autoclave. All of the solutions became 

cloudy within 2 min after Zn(II) addition, with higher concentrations of CTAB resulting 

in delayed precipitation. The autoclaves were sealed and left in a 120 °C oven for 6 h. 
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After cooling, the ZIF-8 crystals and mother liquor were divided into two 45 mL 

centrifuge tubes to which was added 20 mL of methanol each. The crystals were then 

collected by centrifugation at 14k rpm for either 30 min (85 and 125 nm) or 15 min (240 

and 400 nm). The supernatants were decanted and the solids were consolidated from two 

tubes into one tube per reaction with 20 mL of fresh methanol. This first wash was then 

collected by centrifugation at either 14k rpm for 20 min (85 and 125 nm) or 10k rpm for 

15 min (240 and 400 nm) and the supernatants were decanted. The washing procedure 

was then repeated for a second wash with 20 mL fresh methanol. The resulting solids 

were left to soak overnight in 20 mL fresh methanol in a third wash to allow trapped 

species such as unreacted 2-MeImH to diffuse out of the microporous crystals. The next 

day, the particles were collected as before and the supernatants decanted. The products 

were dried at 70 °C in air. Yields were around 90 % for all four sizes, with representative 

product weights of 83.7 mg (85 nm), 86.5 mg (125 nm), 83.2 mg (240 nm), and 84.9 mg 

(400 nm). 

Synthesis of 2 μm ZIF-8: The synthesis procedure was followed from our previous 

report (Chapter 3).18 

Synthesis of 8 μm ZIF-8: The synthesis procedure was followed from a previous 
report.55 
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4.0  APPENDIX I 

Kinetics plots 
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Guide to the kinetics plots  

 The concentration values above the plots are that of exogenous imidazole at the 

beginning of the reaction. Conversion is expressed on the ordinate as the mole fraction of 

2-methylimidazole (𝜒
2-MeIm

= mol 2-MeIm
mol 2-MeIm !mol Im

) in the mixture of 2-methylimidazole and 

imidazole in solutions of digested MOF products as determined by 1H-NMR (χ2-MeIm = 

1−conversion). Error bars on the data points are the standard deviations based on three 

separate reactions and the uncertainties given for the slopes are the standard deviations 

obtained from linear regression. The linear regressions were performed on the full dataset 

(i.e. ~12 points). Each point is from a separate batch reaction (i.e. no aliquots) and is 

therefore independent of all the others. 
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Kinetics measurements in dimethyl sulfoxide 

 

Figure AI-1. Conversion versus time plots used for determining the rate constants of ligand 

exchange in dimethyl sulfoxide (DMSO) at 70 °C. The black lines are the linear least squares 

regressions, with slopes equal to −kobs. For reference, 72 × 103 s = 20 h and 3.6 × 103 s = 1 h. 

 

 

Table AI-1. Values of mole fraction of 2-methylimidazole, χMeIm, and uncertainty, expressed as 

the experimental standard deviation, s, of three reactions, for reactions in DMSO at 70 °C. 
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Kinetics measurements in ethanol 

 

Figure AI-2. Conversion versus time plots used for determining the rate constants of ligand 

exchange in ethanol at 70 °C. The black lines are the linear least squares regressions, with slopes 

equal to −kobs. For reference, 72 × 103 s = 20 h and 3.6 × 103 s = 1 h. 

 

 

Table AI-2.Values of mole fraction of 2-methylimidazole, χMeIm, and uncertainty, expressed as 

the experimental standard deviation, s, of three reactions, for reactions in ethanol at 70 °C. 
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Kinetics measurements in n-butanol 

 

Figure AI-3. Conversion versus time plots used for determining the rate constants of ligand 

exchange in n-butanol at 70 °C. The black lines are the linear least squares regressions, with 

slopes equal to −kobs. For reference, 3.6 × 103 s = 1 h. 

 

 

Table AI-3.Values of mole fraction of 2-methylimidazole, χMeIm, and uncertainty, expressed as 

the experimental standard deviation, s, of three reactions, for reactions in n-butanol at 70 °C. 
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Kinetics measurements in acetonitrile 

 

Figure AI-4. Conversion versus time plots used for determining the rate constants of ligand 

exchange in acetonitrile at 70 °C for ACS grade acetonitrile (filled triangle, q) or anhydrous 

acetonitrile (open triangle, s, only in the [imidazole] = 0.294 M plot). The black lines are the 

linear least squares regressions, with slopes equal to −kobs. For reference, 72 × 103 s = 20 h, 21.6 × 

103 s = 6 h, and 3.6 × 103 s = 1 h. 
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Kinetics measurements in methanol 

 

Figure AI-5. Conversion versus time plots used for determining the rate constants of ligand 

exchange in methanol at 70 °C. The black lines are the linear least squares regressions, with 

slopes equal to −kobs. For reference, 3.6 × 103 s = 1 h. 

 

 

Table AI-5. Values of mole fraction of 2-methylimidazole, χMeIm, and uncertainty, expressed as 

the experimental standard deviation, s, of three reactions, for reactions in methanol at 70 °C. 
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Kinetics measurements in water 

 

Figure AI-6. Conversion versus time plots used for determining the rate constants of ligand 

exchange in water and deuterium oxide at 4 °C. The black lines are the linear least squares 

regressions, with slopes equal to −kobs. For reference, 2.4 × 103 s = 40 min and 0.18 × 103 s = 3 

min. 
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Kinetics measurements on size-controlled ZIF-8 

 

Figure AI-7. Conversion (as χMeIm) versus time plots used for determining the rate constants of 

ligand exchange for size-controlled ZIF-8 samples in n-butanol (BuOH) with 0.0735 M imidazole 

at 70 °C. The black lines are the linear least squares regressions, with slopes equal to −kobs. For 

reference, 72 × 103 s = 20 h and 3.6 × 103 s = 1 h. 
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Figure AI-8. Conversion (as χMeIm) versus time plots used for determining the rate constants of 

ligand exchange for size-controlled ZIF-8 samples in n-butanol (BuOH) with 0.294 M imidazole 

at 70 °C. The black lines are the linear least squares regressions, with slopes equal to −kobs. 
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Kinetics measurements in n-butanol used for Eyring analysis 

 

Figure AI-9. Conversion versus time plots used for determining the rate constants of ligand 

exchange in n-butanol with 0.0735 M imidazole at 75, 85, 95, and 105 °C. These rate constants 

were then used to generate the Eyring plot used to extrapolate the rate in n-butanol to 4 °C for 

direct comparison with water. The black lines are the linear least squares regressions, with slopes 

equal to −kobs. For reference, 3.6 × 103 s = 1 h. 

 

 

Figure AI-7.Values of mole fraction of 2-methylimidazole, χMeIm, and uncertainty, expressed as 

the experimental standard deviation, s, of three reactions, for reactions in n-butanol with 

[imidazole] = 0.0735 M. 
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5.0  APPENDIX II 

Calculations of surface ligand density 
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 Linker exchange is expected to be more rapid at the surface of a ZIF-8 crystal 

than in the bulk because surface imidazole species are only mono-coordinated and 

neutral, and thus more weakly bonded. Two types of imidazole species are present at the 

crystal surface: (1) neutral dangling MeImH ligands and (2) anionic framework MeIm− 

linkers that are identical in every way to bulk MeIm− except that they are located on the 

crystal surface and thus bonded to two Zn(MeIm)2(MeImH) units, instead of two 

Zn(MeIm)3 units as they would be in the bulk. The substitution rate of dangling MeImH 

with ImH from solution (eq. (AII-1), dashed line represents crystal surface) is expected to 

greatly exceed bulk linker exchange (eq. (AII-2)), as the neutral mono-coordinated ligand 

is more labile.  

 

(AII-1) 

 
  

 

The substitution rate of surface layer MeIm− linkers (eq. (AII-2)) may very somewhat 

from that of the bulk due to the extra substitutionally labile site on Zn.  

 

(AII-2) 

These rapid substitution reactions are likely the origin of the shift of the y-

intercept away from 1.0 in the χMeIm versus time plots. As such, these reactions cause a 
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constant of bulk linker exchange. To support the idea that these reactions are the origin of 

b < 1 in χMeIm vs. time, we can calculate the fraction of surface to bulk linkers. Starting 

with a typical surface of ZIF-8 (Figure AII-1), we can see that a {100} surface has 12 

surface ligands: 4 dangling MeImH and 8 MeIm−.  

 

 
Figure AII-1. Two typical surfaces of ZIF-8 {100} and {110} used to calculate the surface 

density (molecules per nm2) of surface RIm(H) species. Surface projection images generated 

using VESTA.1 

 

The density of surface ligands RIm(H) on the crystal surface can then be 

calculated from the unit cell dimensions of ZIF-8 and the stoichiometry in Figure AII-1 

for dangling MeImH only (eq. (AII-3)) and dangling MeImH plus framework MeIm− (eq. 

(AII-4)). 
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1 Momma, K. and Izumi, F. VESTA 3 for three-dimensional visualization of crystal, volumetric and 
morphology data J. Appl. Crystallogr. 2011, 44, 1272−1276. 
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 Then using the surface area of a ZIF-8 particle (e.g. eq. (AII-5) for a 265 nm 

crystal assuming spherical geometry), we can obtain the number of surface ligands 

RIm(H) for dangling only (eq. (AII-6)) and dangling + framework (eq. (AII-7)). 

 
(AII-5) 

 (AII-6) 

 (AII-7) 

 

Then using the volume of a ZIF-8 particle (e.g. eq. (AII-8) for a 265 nm crystal assuming 

spherical geometry) and the density of ZIF-8 (expressed as T/V, for tetrahedral metal (T) 

per unit volume in nm3), we can obtain the number of linkers in the crystal (eq. (AII-9)). 
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From the ligand quantities in eq. AII-6, AII-7, and AII-9, we can calculate the fraction 

surface to bulk ligands for dangling only (eq. (AII-10)) and dangling + framework (eq. 

(AII-11)). 
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From this analysis, we can see that, for a 265 nm diameter spherical ZIF-8 crystal 

with {100} surfaces, surface ligands comprise 0.64 % or 1.92 % of the total ligands in the 

crystal, depending on if you count only dangling MeImH or dangling + first-layer 

framework MeIm−, respectively. By the above equations, the fractions of surface to bulk 

ligands for all the ZIF-8 crystal sizes used in this study can be calculated and compared 

with their experimental y-intercepts in χMeIm vs. time plots (Table AII-1). The linear 

correlation between the experimental y-intercepts and the calculated % surface RIm(H) 

values based on the experimental particle size distributions (Figure AII-1) is consistent 

with our hypothesis that the shift of the y-intercept comes from rapid surface ligand 

exchange reactions (eq. (AII-1) to (AII-2)). The experimental y-intercepts in all cases 

exceed the highest calculated % surface RIm(H), which could come from the fact that a 

real crystal, in addition to {100} and {110} surfaces, contains edge and corner sites with 

a higher density of surface RIm(H).  

 

 

Table AII-1. The correlation between ZIF-8 crystal size and the y-intercept in conversion vs. 

time plots. The lower (dangling RImH only) and upper (dangling RImH + framework RIm−) 

bounds are given for the calculated % surface RIm(H) of each surface. 

 

y-int in mole % Im calc. % surface RIm(H)

D50 (nm) 0.0735 M 0.294 M {100} lower {100} upper {110} lower {110} upper

85 7.0 7.2 2.0 6.0 1.4 4.6

126 5.5 6.1 1.4 4.1 1.0 3.1

239 3.1 4.1 0.71 2.1 0.50 1.6

266 2.7 3.4 0.64 1.9 0.45 1.5

404 1.9 2.2 0.42 1.3 0.30 1.0

1963 2.1 1.9 0.086 0.26 0.06 0.20

7755 0.8 1.0 0.022 0.066 0.016 0.050
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6.0  APPENDIX III 

Powder X-ray diffraction patterns 
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PXRD patterns of samples used in the initial rates kinetic analysis 

There were no observable crystalline phases besides sodalite (sod) in the samples 

used to measure kobs (Figures AI-1 to AI-6). Samples in this kinetics group were chosen 

for PXRD analysis randomly from one of the three reactions (15 mg/ea.) at the longest 

time point used for that solvent/concentration. MOF powders collected after reaction and 

washing were used for PXRD measurements and then recollected for digestion 1H-NMR.  

 

Figure AIII-1. PXRD patterns of the products with the highest values of conversion that were 

used for determining rate constants in dimethyl sulfoxide solutions.  Time is given in h:min. 
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Figure AIII-2. PXRD patterns of the products with the highest values of conversion that were 

used for determining rate constants in ethanol solutions.  

 

Figure AIII-3. PXRD patterns of the products with the highest values of conversion that were 

used for determining rate constants in n-butanol solutions.  
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Figure AIII-4. PXRD patterns of the products with the highest values of conversion that were 

used for determining rate constants in acetonitrile solutions.  

 

Figure AIII-5. PXRD patterns of the products with the highest values of conversion that were 

used for determining rate constants in methanol solutions.  
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Figure AIII-6. PXRD patterns of the products with the highest values of conversion that 

were used for determining rate constants in aqueous solutions at 4 °C.  
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PXRD patterns for extended (10 d) reaction times 

We noticed that extending the reaction times beyond those used for initial rate 

kinetics resulted in new PXRD peaks for some samples (Table 3-3). The appearance of 

this new phase was correlated with the solvent and imidazole concentration (summarized: 

Table 3-3 and Figure 3-13, PXRD: Figures AIII-10 to AIII-15). Two samples 

representative of a mixed phase and a pure phase after long (3 d) reactions are shown in 

Figure AIII-7. By comparison with the simulated patterns for ZIF-61,1 IMIDZB01,2 and 

ZIF-8,3 we can see that the mixed phase material is a mixture of sod and zni with no 

other detectable phases. ZIF-61 (Zn(2-MeIm)(Im)) and IMIDZB01 (Zn(Im)2) both have 

the zni (from ZnI2) topology, which for ZIFs results in a dense nonporous material 

(Figure AIII-7).  

The lack of porosity limits the applications of ZIFs with the zni topology. 

Moreover, the sod → zni phase change is a separate chemical process with a different 

rate than the ligand substitution reaction of interest, and therefore samples that display a 

phase change are unusable for determining the kinetics of exchange. There is evidence 

that the phase change to zni accelerates the exchange reaction by changing the reaction 

from endergonic (x ImH + sod-Zn(2-MeIm)2 → x 2-MeImH + sod-Zn(2-MeIm)2−x(Im)x) 

to exergonic (x ImH + sod-Zn(2-MeIm)2 → x 2-MeImH + zni-Zn(2-MeIm)2−x(Im)x) 

(Figure AIII-9).  
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Figure AIII-7. PXRD patterns for a mixed sod/zni phase sample (MeOH, 0.0294 M, 3 d, conv. = 

54.5 %) (w = peaks indexed to zni) and a sample run for an equivalent time and concentration for 

which there was no phase change (BuOH, 0.0294 M, 3 d, conv. = 13.9 %), along with simulated 

patterns for ZIF-61 (zni), IMIDZB01 (zni), and ZIF-8 (sod). Cartoons adapted from a 

publication4 showing the solvent-accessible volumes for zni-Zn(Im)2 (IMIDZB01) and sod-Zn(2-

MeIm)2 (ZIF-8) illustrate the nonporous nature of ZIFs with the zni topology.  

 

The phase change to zni is unsurprising as it is the thermodynamic sink of ZIF 

topologies.5−8 The frequency of occurrence of the zni phase change follows the order: 

water > MeOH > EtOH > MeCN > BuOH > DMSO. This order correlates somewhat with 

the order of kobs but even better with the order of molecular size/kinetic diameter (for 

definitions see section VI/Solvent size and mass transport terms, p. S37), with the phase 

change occurring most frequently for smaller molecules. The kinetic diameters of the 

solvents follow the order: water < MeOH < MeCN < EtOH < DMSO9 < BuOH (Table 
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AV-5). This correlation with solvent molecular size suggests that solvent packing may 

play a role in preserving the low-density sod topology, similar to the role proposed for 

the solvent as a structure-directing agent during the synthesis of some MOFs.10 We 

observed a phase change in BuOH after 10 days at 0.147 M ImH in contrast to the 

observations of Karagiaridi et al.,11 which may be related to the smaller ZIF-8 crystal size 

in our case (~270 nm vs. ~1 mm). The zni phase was however observed by the same 

authors after boiling sod-Zn(MeIm)0.3(Im)1.7 (SALEM-2) in water for 24 h.12 DMSO is 

the only solvent found to display no phase change under any of the reaction times tested. 

The highest conversion reached with a pure sod phase from the 10-day reactions was 

59.8 % (DMSO, 0.294 M), or composition Zn(2−MeIm)0.8(Im)1.2.  

 While the tendency of the Zn/imidazole system to undergo phase changes to zni 

has clear practical drawbacks, its benefit to kinetics studies is worth noting. The question 

is often asked in MOF linker exchange studies whether exogenous linker incorporation is 

due to exchange or to dissolution-recrystallization (see Chapter 3 refs [16b], [16c], [16i], 

and [17j]), which is often phrased as whether the process occurs in a single-crystal-to-

single-crystal (SCSC) fashion. For the exchange reaction under investigation (eq. (3-2)) 

the absence of the zni phase in a product is evidence that dissolution-recrystallization did 

not occur, at least not up to the detection limit of PXRD (ca. 1 %, whereas exchange is up 

to 10 %). Whether the cases in which we do observe the zni phase come from 

dissolution-recrystallization or a SCSC phase change of sod-Zn(2-MeIm)2−x(Im)x → zni-

Zn(2-MeIm)2−x(Im)x is unclear and it is reasonable to expect that one process or the other 

could dominate depending on the conditions. 
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Figure AIII-8. Plots of the data from Table 3-3: conversion (= χIm = 1− χ2-MeIm) versus initial 

[ImH]. Shading of the data points indicates qualitatively the relative amount of each phase 

observed in PXRD. 

 

Equilibrium constant calculations: (values appear in Chapter 3, Figure 3-13) 

For the reaction ZnA2 + x B → ZnA2−xBx + x A, with A = 2-MeIm−, B = Im−, and cB = 

initial concentration of ImH:  
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Using the above relations, in a manner analogous to Brozek,13 and assuming that 

the reactions have come to equilibrium, we can estimate Keq (Figure 3-13) and ΔG° 

(Figure AIII-9) for the 10-day reactions. From this analysis we see that values of Keq > 1 

and ΔG° < 0 are only observed for reactions with zni as the majority phase.  

 

 

Figure AIII-9. Change in free energy, ΔG°, versus initial [ImH] for 10-day reactions at 70 °C. 

Shading of the data points indicates qualitatively the relative amount of each phase observed in 

PXRD (patterns in Figures AIII-10 to -14). ΔG° = 0 (thermoneutral) is indicated with dashed 

lines. 
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Figure AIII-10. PXRD patterns of the products from 10-day reactions in dimethyl sulfoxide.  

 

Figure AIII-11.  PXRD patterns of the products from 10-day reactions in ethanol.  
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Figure AIII-12. PXRD patterns of the products from 10-day reactions in n-butanol.  

 

Figure AIII-13. PXRD patterns of the products from 10-day reactions in acetonitrile.  
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Figure AIII-14. PXRD patterns of the products from 10-day reactions in methanol. 

 

Figure AIII-15. PXRD patterns of the products from 6-day reactions in water at 4 °C. 
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7.0  APPENDIX IV 

Transmission electron micrographs 
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Figure AIV-1. TEM images used to calculate the grain size distribution of the commercial 

sample, Basolite Z1200, with a D50 of 265 nm. White lines are the grain diameter, d, 

measurements. The distinction between grain size and particle size is seen to matter for this 

sample, which is composed of crystals (grain size, d) that are intergrown into larger aggregates 

(particle size). Individual crystal grains are recognized by the contrast with surrounding crystals 
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and by the crystal habit of ZIF-8. High resolution imaging of the lattice of ZIF-8 to confirm that 

the measured crystals were actually composed of one grain only was not possible due to the 

instability of ZIF-8 under the 200 kV electron beam. 

 

Figure AIV-2. TEM images used to calculate the grain size distribution of the sample “M” with a 

D50 of 85 nm. White lines are the grain diameter measurements. For this sample grain size, d, 

equals particle size. 

 

 

Figure AIV-3. TEM images used to calculate the grain size distribution of the sample “L” with a 

D50 of 125 nm. White lines are the grain diameter measurements. For this sample grain size, d, 

equals particle size. 
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Figure AIV-4. TEM images used to calculate the grain size distribution of the sample “XL” with 

a D50 of 239 nm. White lines are the grain diameter measurements. For this sample grain size, d, 

equals particle size. 

 

 

Figure AIV-5.  TEM images used to calculate the grain size distribution of the sample “XXL” 

with a D50 of 404 nm. White lines are the grain diameter measurements. For this sample grain 

size, d, equals particle size. 
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Figure AIV-6. TEM images used to calculate the grain size distribution of the sample with a D50 

of 1.96 μm. White lines are the grain diameter measurements. For this sample grain size, d, 

equals particle size. 

 

 

 

Figure AIV-7. TEM images used to calculate the grain size distribution of the sample with a D50 

of 7.76 μm. White lines are the grain diameter measurements. 
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8.0  APPENDIX V 

Solvent properties 
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Polarity 

 

Table AV-1. Parameters of solvent polarity. 

 

Parameters of solvent polarity or ionizing power are valuable for mechanistic 

studies because a positive correlation of rate with solvent polarity can indicate a buildup 

of charge in a transition state, which the solvent acts to stabilize. The solvent relative 

permittivity (dielectric constant), εr, and dipole moment, μ, are useful for classifying 

solvents, but are less suitable for quantifying the effect of solvent charge stabilization on 

reaction rates.1 Dimroth and Reichardt’s solvent polarity parameter, ET(30) (normalized, 

ET
N), is a better measure of solvent ionizing power and is determined empirically from 

the energy of the absorbance bands of a solvatochromic pyridinium N-phenolate betaine 

dye.1−3 

 

 

 

 

 

 

 

 

 

Solvent

Parameter Units Description DMSO EtOH BuOH MeCN MeOH H2O D2O Ref.

εr (25 °C) − Dielectric constant 46.45 24.55 17.51 35.94 32.66 78.36 78.06 [1]

µ × 1030 C ⋅ m Dipole moment 13.5 5.8 5.8 13.0 5.9 6.2 − [1]

ET
N − Ionizing power 0.444 0.654 0.586 0.460 0.762 1.000 0.991 [1−3]
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Lewis Acidity 

 

Table AV-2. Parameters of solvent Lewis acidity.  

 

Parameters of solvent Lewis acidity and hydrogen bond donor strength quantify 

the solvent’s ability to stabilize negative charge and act as a proton donor. Kamlet and 

Taft’s solvatochromic parameter of solvent hydrogen bond donor acidity, α, is widely 

used in linear solvation energy relationships and was obtained by averaging many 

solvent-dependent properties.4 Swain's acidity parameter, Aj, is a multi-parameter 

description of solvent Lewis acidity derived from empirical parameters of 77 solvent-

sensitive processes and quantifies the solvent’s ability to solvate anions.5 

 

 

 

 

 

 

 

 

 

 

 

Solvent

Parameter Description DMSO EtOH BuOH MeCN MeOH H2O D2O Ref.

α H-bond donor strength 0 0.86 0.84 0.19 0.98 1.17 − [1, 4]

Aj Anion-solvating tendency 0.34 0.66 0.61 0.37 0.75 1.00 − [1,5]
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Lewis Basicity 

 

Table AV-3. Parameters of solvent Lewis basicity. 

 

Parameters of solvent Lewis basicity and hydrogen bond acceptor strength 

quantify the solvent’s ability to stabilize positive charge and correlate with its tendency to 

act as a ligand for Zn(II). Kamlet and Taft’s solvatochromic parameter of solvent 

hydrogen bond acceptor strength, β, is the widely used counterpart to α.4 Swain's basicity 

parameter, Bj, is the counterpart to Aj and quantifies the solvent’s ability to solvate 

cations.5 Gutmann’s donor number, DN, scale is an empirical measure of Lewis basicity 

defined as the –ΔH of formation of a 1:1 complex of the solvent with SbCl5 in dilute 

solution of 1,2-dichloroethane. The DN scale is widely used and hence is included in 

Table AV-3, however there are discrepancies in reported values for some of the solvents 

of interest and so other Lewis basicity scales are preferred in this instance.6,7 Kolling’s 

electron donor strength scale is attractive because it is based on reactions of solvent 

reactions with Zn(II), specifically on the solvatochromic shift of the Soret band of 

(tetraphenylporphyrinato)zinc(II) (ZnTPhP).8 Lebedeva extended this concept to derive a 

basicity parameter, log(βZnTPhP), based on the formation constants of electron pair donor 

solvent complexes with ZnTPhP in solution of benzene or carbon tetrachloride.9 Their 

Solvent / molecule

Parameter Units Description DMSO EtOH BuOH MeCN MeOH H2O D2O imidazole Ref.

β − H-bond acceptor 
strength 0.76 0.75 0.84 0.40 0.66 0.47 − − [1,4]

Bj − Cation-solvating
tendency 1.08 0.45 0.43 0.86 0.50 1.00 − − [1,5]

DN kcal mol−1 Lewis basicity 29.8
29.8

32
−

29
−

14.1
14.6

30
19.1

18.0
24.3 − − [6]

[7]

log βZnTPhP − Lewis basicity 
for Zn(II) 6.51 2.86 3.19 2.87 2.78 − − 7.30 [9]

pKBHX − H-bond
basicity 2.54 1.02 1.02 0.91 0.82 0.65 − − [7]

PA eV Gas-phase
proton affinity 9.1710 8.118 8.178 8.118 7.918 7.338 − 9.6911 [8,10,11]
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dataset includes imidazole and so it offers a comparison of the relative strengths of the 

solvent to act as a ligand versus imidazole. Laurence and Gal’s scale of hydrogen bond 

basicity is defined as the –log of the equilibrium constant for the hydrogen bonding of 4-

fluorophenol to the electron pair donor solvent in carbon tetrachloride at 25 °C.7 Their 

scale covers a very wide range of solvents, does not have the inconsistency problems of 

the DN scale, and includes water. Finally, the gas-phase proton affinities offer a measure 

of the Lewis basicity of the solvent molecule that is intrinsic to the isolated molecule and 

not a function of its ensemble properties.10,11 
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Brønsted-Lowry Acid/Base 

 

Table AV-4. Parameters of solvent Brønsted-Lowry acidity and solvent effects on imidazole and 

imidazolium acidity (n.m. = not measurable). 

 

Parameters of the Brønsted-Lowry acidity (as pKa
medium) are known for (1) 

dissociation of the solvent SH ⇌ S− + H+ when it is the solute in aqueous (pKa
Water) and 

DMSO (pKa
DMSO) media and (2) the effect of the solvent when it is the media on the 

dissociation of imidazole (ImH) and imidazolium (ImH2
+).12−20 Additionally, 

homoconjugation constants for the reaction ImH2
+ + ImH ⇌ ImH2ImH+ (KBHB+

Solvent) have 

been determined, with the finding that out of DMSO, MeOH, MeCN, and acetone, 

ImH2ImH+ only forms in measurable quantities in MeCN and acetone.21 

 

 

 

 

 

 

Solvent

DMSO EtOH BuOH MeCN MeOH H2O D2O

pKa
Water of SH

SH � S− + H+
Solvent
acidity − 15.912 − − 15.513 13.9951 14.9511

pKa
DMSO of SH 

SH � S− + H+
Solvent
acidity 35.114 29.812 − 31.314 29.013 31.412 −

pKa
Solvent of ImH2

+

ImH2
+ � ImH + H+

Imidazolium
acidity

6.415

6.9421 − − 14.216

11.7421 7.3721 6.9917 (μ = 0 M) 
7.1118 (μ = 0.1 M) −

pKa
Solvent of ImH

ImH � Im− + H+
Imidazole

acidity 18.613 − − 3019 − 14.418

19.9820 −

pKa
Solvent of 2-MeImH2

+

2-MeImH2
+ � 2-MeImH + H+

2-methylimid-
azolium acidity − − − − − 8.017 −

log KBHB+
Solvent for B = ImH [ImH-H-ImH]+ 

formation constant n.m.21 − − 1.6821 n.m.21 − −
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Solvent size and mass transport 

  

Table AV-5. Solvent molecular sizes and parameters affecting mass transport in solution and in 

ZIF-8. 

 

ZIF-8 has cage-like pores that are accessible through apertures with a 

crystallographic diameter of 3.4 Å but that function as if they have a larger effective 

aperture size for molecular sieving of 4.0−4.2 Å due to framework flexibility.22 Transport 

of a molecule through a cage-like material like ZIF-8 can be predicted well by the cross 

section of a molecule, described by a one-dimensional molecular diameter, ignoring the 

three-dimensional structure. Additionally, although few adsorbents are completely 

spherical, an assumption of spherical shape is often used in description of molecular size 

for simplification. To describe molecular size, zeolite and MOF literature frequently cite 

kinetic diameters, which are the characteristic length scales of the Lennard-Jones 

potentials in the gas phase (i.e. σk in rmin = 21/6σk).23 These values have strong predictive 

power for the molecular sieving of spherical, non-polar molecules in porous materials but 

are inadequate for polar molecules. Stockmayer length parameters derived from phase-

coexistence data offer an analogous treatment for spherical, polar molecules, and are 

Solvent

Parameter Units Description DMSO EtOH BuOH MeCN MeOH H2O D2O Ref.

Kinetic 
diameter Å Molecular diameter − 4.30 5.05 4.28 3.80 2.96 − [24,25]

MIN-2 Å Molecular diameter − 4.2726 4.4626 − 4.1826 3.22627 [26,27]

σSPT Å Molecular diameter 5.13 4.69 5.58 4.36 4.08 3.43 [28]

VvdW cm3 mol−1 Molecular volume 41.8 31.9 52.4 28.4 21.7 12.4 [28]

η (25 °C) mPa s Viscosity 1.98729 1.07429 2.5429 0.36929 0.54429 0.8901 1.1211 [1,29]

η (75 °C) mPa s Viscosity − 0.476 0.833 0.234 − 0.378 − [29]

Do (70 °C) cm2 s−1 Diffusivity in ZIF-8 − 6.26 × 10−8 6.8 × 10−13 − − 3.39 × 10−7 − [30]

Ed kJ mol−1 Diffusion activation 
energy in ZIF-8

− 23.4 26.8 − − 19.1 − [30]

S/pore −
Solvent molecules 

per pore at saturation
− 8.331 5.931 − 1431 4834 − [31−34]
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listed as the kinetic diameters in Table AV-5.24,25 Another method of molecular sizing that 

does not assume that a molecule is spherical is the parameter MIN-2, the second smallest 

perpendicular distance that encompasses the atomic van der Waals radii, which 

corresponds to the critical diameter for entrance into a cylindrical pore.26−27 A set of 

molecular sizes that includes DMSO is the molecular diameter form Marcus's scaled 

particle theory, σSPT, derived from the packing fraction of the solvent and assuming 

roughly spherical molecules.28 The van der Waals volume, VvdW is the volume enclosed 

by the van der Waals radii surface on energy-minimized molecular structures.28 To 

provide reference, pyrrole, a molecule with a similar size as imidazole, has a σSPT value of 

5.01 Å and a VvdW value of 42.0 cm3 mol−1. 

 For diffusion-controlled reactions in solution, a correlation between solvent 

viscosity and reaction rate is often observed. In our present case, diffusion through the 

micropores of ZIF-8 is more likely to be rate-limiting than transport through bulk 

solution, but viscosity values at 25 °C and 75 °C are provided for reference.1,29 

Temperature-dependent diffusion measurements of ethanol, n-butanol, and water have 

been made in ZIF-8, showing the dependence of corrected diffusivity (Do) and diffusion 

activation energy (Ed) on molecular size.30 The term Ed arises from the fact that 

diffusivity in cage-like materials such as ZIF-8 follows an Arrhenius relationship because 

hopping between pores is the rate-limiting step of diffusion (i.e. activated diffusion). 

Diffusivities are seen to vary over several orders of magnitude for the three solvents in 

ZIF-8, and counter diffusion of imidazole may be expected to also vary correspondingly. 

Significantly, the order of observed reaction rates of in ethanol and n-butanol (kobs,EtOH < 

kobs,BuOH) is the opposite of what one would expect if Do controlled the reaction. 
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 Finally, it is interesting to consider how confinement effects of the ZIF-8 pores 

may limit the number of solvent or imidazole molecules that can participate in a reaction. 

Solvent molecules per pore at saturation can be calculated from adsorption data,31−34 

converting to molecules per pore from the standard units of mmol g−1 MOF by the 

formula (data in AV-5): 

 

 

Additionally, the average number of molecules of imidazole per pore at different 

[ImH0] can be estimated (Table AV-6) by assuming that imidazole equilibrates 

completely through the ZIF-8 crystal and that its concentration in the pore volume equals 

that in the bulk (no enhancement from adsorption). This situation is unrealistic as we 

measured kinetics using initial rates, at which point imidazole has not equilibrated 

throughout the entire pore volume of the crystal, however this simplified picture 

demonstrates that at no value of [ImH0] is the calculated average number of molecules of 

imidazole per pore physically unreasonable. Additional support for the idea that linker 

substitution is not limited by the number of imidazole molecules that can participate in 

the reaction due to pore confinement is the absence of saturation kinetics in any of the 

solvents within the range of [ImH] tested (Figure 3-8), even in those solvents exhibiting 

second order in imidazole kinetics. Each bridging linker in ZIF-8/sod-Zn(MeIm)2 is 

shared between 3 neighboring pores, and therefore a second order in imidazole process 

could involve the two imidazole molecules in separate, adjoining pores. 

 

n mmol S

g ZIF-8

· 227.59⇥ 10

�3
g

mmol Zn(MeIm)2

· 6 unique Zn

pore

= n · 1.3655⇥ 10

3
molecules/pore

E.g. for ethanol:

6.1 mmol S

g ZIF-8

· 227.59⇥ 10

�3
g

mmol Zn(MeIm)2

· 6 unique Zn

pore

= 8.3298 molecules/pore
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To arrive at the average number of molecules of imidazole per pore in Table AV-6, we 

first convert the initial concentration of imidazole, [ImH0], from mol/L to molecules/Å3: 

 

And then calculate the volume of a single pore (in Å3) either by using the dimensions of 

ZIF-8’s cubic unit cell (UC) and the void fraction:  

 

Or by using the density of ZIF-8 (cm3/g) and the number of unique components (nodes 

and linkers) per sodalite cage, accounting for sharing (24 total Zn, each shared between 4 

cages = 6 unique Zn, and 36 total MeIm−, each shared between 3 cages = 12 unique 

MeIm−):  

 

And finally convert to molecules per pore (data in Table AV-6):  

 

 

Table AV-6. Imidazole molecules per pore on average by the above assumptions and equations. 

 

 

 

[ImH0] mol

L
· 6.022⇥ 1023 molecules

mol
· L

dm3 · dm3

(109Å)3
= [ImH0] · 6.022⇥ 10�4 molecules/Å

3

(16.99 ˚

A)

3
total V

UC

· UC

2 pores

· 0.44 void V

total V
= 1.0790⇥ 10

3
˚

A

3
/pore

0.485 cm3

g
· (10

8 Å)3

cm3
· 1.3655⇥ 103 g

mol Zn6(C4H5N2)12
· mol Zn6(MeIm)12
6.022⇥ 1023 pores

= 1.0997⇥ 103 Å
3
/pore

[ImH0] · 6.022⇥ 10�4 molecules

Å
3 · 1.0790⇥ 103 Å

3

pore
= 0.6498 · [ImH0] molecules/pore

[imidazole] (M)
Molecules per pore 

at equilibrium

0.0294 0.02

0.0735 0.05

0.147 0.10

0.294 0.19
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