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ABSTRACT:  

We present a new methodology for real-time observation of mechanochemical transformations, 

based on a magnetic resonance method in which T1-T2* relaxation time correlation maps are used 

to track the formation of the popular metal-organic framework (MOF) materials Zn-MOF-74 and 

ZIF-8. This two-dimensional (2D) relaxation correlation measurement is a new method utilizing 

simple saturation recovery to obtain a T1-T2* spectrum representing different hydrogen 

environments. The 2D T1-T2* results show a change in signal amplitudes, and their coordinates, 

within the plots as the reaction progresses, confirming reaction completion. Static solid samples 

are usually considered difficult to measure because of their short-lived T2* signal and their 

common non-exponential decay. Using a new processing method, the signal from samples with 

non-exponential decay was quantified. The importance of key parameters such as the instrument 

deadtime, the recovery times, and magnetic field strength for the measurement of solids with a 

short-lived signal is established. This novel magnetic resonance measurement is important since it 

provides a simple and easy way to analyse an entire solid reaction mixture within its reaction 

vessel.  

KEYWORDS: T1-T2*, nuclear magnetic resonance, relaxation time, saturation recovery, free 

induction decay, mechanochemistry, sinc-gaussian decay, metal-organic frameworks. 

  



3 

1. Introduction 

Mechanochemistry, i.e. chemical reactions induced and/or sustained through grinding, 

milling, shearing or other types of mechanical agitation, has emerged as a popular and highly 

versatile method for synthesizing molecules and materials in the absence of bulk solvents.1 The 

ability to circumvent the need for bulk solvents, at the same time providing access to chemical 

reactions that are fast, proceed at room temperature, and can provide access to molecules and 

materials challenging to obtain through other means, makes mechanochemistry a highly attractive 

and ‘greener’ alternative to more conventional solvent-based synthetic approaches. The scope of 

possible reactions by mechanochemical activation is widespread, with recent reviews and reports 

outlining mechanochemical approaches to organic,2,3 inorganic,4,5 organometallic,6 

supramolecular,7–9 and coordination10,11 chemistry, as well as a range of advanced materials such 

as metal-organic frameworks, nanomaterials, and more. Mechanochemical transformations open 

the door to new synthetic opportunities12 such as the formation of unusual products, trapping of 

typically unstable intermediates, and the enhanced selectivity of products13 while also serving as 

an important tool for the reduction of reaction times.12 

The mechanics of mechanochemical milling remain poorly understood,14,15 with 

attempts16,17 to elucidate the underlying physicochemical process often involving extensive and 

systematic investigations of temperature and pressure, including real-time approaches, as well as 

screening of milling frequency, sample-to-volume ratio, ball diameter, material of the milling 

assembly, presence and properties of liquid and/or polymer additives, and other parameters.12,18–21 

It is noteworthy that in-depth and real-time monitoring of reactions by thermography,22–24 

manometric studies,25 synchrotron powder X-ray diffraction (PXRD),26–30 Raman 

spectroscopy,21,31,32 and different combinations of these33–37  have shown great progress in our 
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ability to monitor mechanochemical processes without the need to disrupt the reaction. Despite 

rapid and exciting successes, the in situ mechanochemistry monitoring approaches are still in their 

infancy with challenges yet to be overcome. One of these is the difficulty to obtain reliable insight 

into the course of mechanochemical reactions through acquiring data over a limited/small and 

inhomogeneous sampling area/volume, which can lead to low quality data that is difficult to 

interpret.38 Ex-situ monitoring continues to be an appropriate method for product analysis since 

the final product of a mechanochemical reaction is often stable and inert in nature.1  

Magnetic resonance (MR) is an incredibly varied and expanding field. While it is best 

known for its uses in chemical spectroscopic analysis39,40 and in the medical field,41,42 MR can be 

used in many other capacities. Specifically, relaxation time experiments are currently used to 

analyse materials such as porous materials (e.g. rock cores)43–45 and foods.46–49 Most of these 

analyses involve the measurement of relaxation time parameters such as the longitudinal (T1) and 

transverse (T2) relaxation times. T1-T2 correlation analysis has proven to be a very important 

experiment in MR. The T1-T2 measurement is ideal for samples with long T2 lifetimes. While this 

measurement is appropriate for a variety of samples, most solid materials have T2 values too short-

lived to acquire useful data. Recently, Marreiros et al.50 published their work demonstrating MOF 

adsorption using T1-T2 measurements but have identified one of the core challenges to be 

measuring samples, such as solids, with short-lived T2 signal. 

A new measurement utilizing T1-T2* relaxation-time correlation maps reported by Enjilela 

et al.51 has great merit for solid samples. T2* relaxation is driven by T2 relaxation which is typically 

very short in solid samples. The T1-T2* method is simple and combines saturation recovery with 

free induction decays. The minimum observation time of the T1-T2* method is only limited by the 

instrument deadtime, which makes it ideal to measure rigid samples with short T2* lifetimes. T1-
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T2* measurements have been used to distinguish water and oil in shales,52,53 and to classify coal 

samples,54 but they have yet been applied to monitor the development of solid-state chemical 

reactions.  

In this work, we propose a novel approach for analysis of mechanochemical reactions in 

situ, using MR relaxation time correlation measurements to measure hydrogen environments of 

mechanochemical reactions. Our research provides a new and transformative method of analysis 

that will eliminate the need for material transfer, with all the attendant benefits. In such a scenario, 

the entire mechanochemical process, from synthesis to analysis, would take place in the milling 

container, with analysis being completed on the entire reaction mixture. Metal-organic frameworks 

(MOFs)55–57 serve as ideal examples for the herein presented proof-of-principle study because of 

the significant changes in ligand conformation / topology and therefore, in hydrogen environment. 

Increasingly, mechanochemical synthesis is a popular method for MOF formation,58–65 with 

several MOFs already having been produced on a large scale by extrusion.66 In this work, we have 

used as a model system the synthesis of the well-known MOF material Zn-MOF-7467,68 (also 

known as CPO-2769,70), with special interest paid to the formation of a reaction intermediate and 

evident colour change. Also, an in-situ T1-T2* relaxation correlation analysis method is 

successfully demonstrated using the mechanochemical synthesis of another popular MOF, the 

zeolitic imidazolate framework ZIF-8.67,71 
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2. Experimental 

2.1 Chemicals 

Zinc oxide (99%), 2-methylimidazole (99%), zinc acetate dihydrate (98%), and 2,5-

dihydroxyterephthalic acid (98%), were purchased from Sigma Aldrich. All reactants were used 

without further purification.  

2.2 MR method 

In solid-state time domain MR analysis, an instrument with a very short deadtime must be 

utilized to capture the short T2* component found in solid materials. A 4.7 T vertical-bore 

superconducting magnet (Cryomagnetics) and a Redstone HF NMR spectrometer console 

(Tecmag) equipped with a Doty DS1-874 1H RF probe (Doty Scientific) were utilized. Samples 

were either transferred to a glass vial for analysis or kept in the lab-made Teflon jar used during 

milling (see Supporting Material (SM), section S1). A large amount of sample (gram scale) was 

required to acquire enough signal to overcome the background signal from the probe.  

Parameters specific to these measurements included a dwell time of 400 ns, a pulse length of 

5 µs, a total of 8 scans, and the acquisition of 4096 time domain points for all samples. Some pulse 

specific parameters included a recycle delay of 175 s for the free induction decay (FID) sequence, 

and a set of 40 recovery times ranging from 15 µs to 99 s for the saturation recovery pulse 

sequence. The receiver gain (RG) depended on the intensity of signal measured from each sample 

and the values varied from 25 to 100. The deadtime was 4 µs. 

The data was collected using simple FID and saturation recovery (SM, section S1). Total 

measurement time took approximately 20 minutes for the individual FID measurement and 1 hour 

48 minutes for the saturation recovery measurement. A MATLAB program employing code from 
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the program by the Schlumberger-Doll Research Center was utilized to process the data to generate 

the T1-T2* time correlation maps. This program assumed the signal change to be purely 

exponential. For non-exponential data processing, a new T1-T2* analysis method was employed.72 

A detailed explanation of the MR measurement is in the supplementary materials (SM, section 

S1). 

2.3 Synthetic methods and characterization  

The model mechanochemical preparation of Zn-MOF-74 and ZIF-8 followed the ball milling 

procedures previously established by Julien et al.30 and Beldon et al.,73 respectively. For the 

mechanosynthesis of Zn-MOF-74, 6.67 mmol of zinc oxide (543 mg), 3.33 mmol of 2,5-

dihydroxyterephthalic acid (660 mg), and 0.75 mL of water were milled in a 15 mL polymethyl 

methacrylate (PMMA) jar for 90 minutes at 30 Hz. For the milling synthesis of ZIF-8, 3.75 mmol 

of zinc oxide (305 mg), 7.5 mmol of 2-methylimidazole (616 mg), and 0.2 µL/mg of N,N-

dimethylformamide (DMF) (175 µL) were added to a lab-made Teflon jar, with two big 10 mm 

zirconia balls. In a Retsch MM400 mixer mill, the jar was shaken at 30 Hz for 60 minutes.  

The identities of the products were confirmed through powder X-ray diffraction (PXRD) 

patterns that were collected on a Bruker D2 PHASER diffractometer. The PXRD patterns of the 

solid reactants were obtained with a Bruker D8 Advance spectrometer. Thermogravimetric 

analysis (TGA) data was collected on a TGA 5500 Discovery instrument. Scanning Electron 

Microscope (SEM) images and Energy Dispersive X-ray Spectroscopy (EDS) data were collected 

on a JEOL JSM-6400 Scanning Electron Microscope equipped with an EDAX Genesis 4000 

Energy Dispersive X-ray analyser. Detailed methodology for PXRD, TGA, SEM, and EDS can be 

found in the supplementary materials (SM, section S1).  
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Results and Discussion 

3.1 Reactions and Characterization 

The mechanochemical syntheses of the two model MOFs by milling were analysed by MR 

relaxation time measurements. The synthesis of Zn-MOF-74 followed the procedure established 

by Julien et al.,30 consisting of liquid-assisted grinding (LAG)74 ZnO, 2,5-dihydroxyterephthalic 

acid, and water together. The material Zn-MOF-74 is a representative of the M-MOF-74 family of 

materials (M = a divalent metal cation) which is particularly interesting for their excellent stability, 

as well as gas adsorption and catalysis abilities.75 The second model reaction involved the synthesis 

of ZIF-8 and followed the procedure previously shown by Beldon et al.,73 which involved the LAG 

of ZnO and 2-methylimidazole in the presence of DMF as the liquid additive. The framework ZIF-

8 has been extensively studied for its promising capabilities in gas separation, sensing, and 

catalysis due to its excellent chemical and thermal stability.67 Detailed mechanisms of the 

mechanochemical syntheses of Zn-MOF-7430 and ZIF-826,76 materials have been published. Th 

reaction mixtures were characterized by PXRD (SM, see section S5), SEM images and 

corresponding EDS data (SM, see section S6), TGA (SM, see section S7), as well as MR 

correlation plots. 

3.2 Mechanochemical synthesis of Zn-MOF-74 

The formation of Zn-MOF-74 by mechanochemical milling is particularly interesting for its 

distinct colour changes and documented appearance of an intermediate.30 The use of clear PMMA 

milling jars permitted observation of these changes during reaction milling (Figure 1f). The 

starting mixture appears bright yellow due to the presence of 2,5-dihydroxyterephthalic acid 

(H4dhta), but it quickly transforms to a pale yellow, and eventually a white paste. White material 

is evidence of the intermediate, Zn(H2O)2(H2dhta), being formed. The yellow hue of the Zn-MOF-
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74 product is visible as the viscous mixture suddenly transforms into a powder, which is a sign of 

reaction completion. The final product is a dry dull yellow powder. The quick transition from 

liquid mixture to dry product is reminiscent of the observations made by the James group77 in 

organic mechanosynthesis and could be related to the moisture sequestration of Zn-MOF-74.78  

Figure 1 demonstrates tracking of the progress of the Zn-MOF-74 mechanosynthesis using our 

new MR method. Distinct changes in the peaks are visible between the reactant, pre-milling, and 

after milling plots which is consistent with the formation of the targeted MOF product. Correlation 

plots of (a) zinc oxide and (b) 2,5-dihydroxyterephthalic acid were measured using different 

scaling to the other plots to account for low sample signal. The plots of (c) reactants pre-milling, 

(d) intermediate after 30 minutes of milling, and (e) Zn-MOF-74 as synthesized, all contained the 

 

Figure 1: T1-T2* correlation plots of (a) zinc oxide, (b) 2,5-dihydroxyterephthalic acid, (c) reactants pre-milling, (d) 

intermediate after 30 minutes of milling, and (e) Zn-MOF-74 as synthesized. In the (c) before milling plot, the lone intense 

peak corresponds to water signal which overpowers the signal of the other reagents because of its large quantity of hydrogen. 

Zinc oxide (a) only shows probe background signal. New peaks in the (e) after milling plot indicate the formation of Zn-

MOF-74. The (f) distinct colour changes from bright yellow, to white, to yellow, are evident. Scaling was adjusted to better 

reveal low signal. 

 

Before 

Milling

30 mins

90 mins

a) b) c)

f)e)d)
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same amount of material and hydrogen, but loss of product did occur during transfer to the 

measurement vial. The plots show variable scaling to better reveal low signal. 

The plot of zinc oxide contains no hydrogen signal, which is apparent in Figure 1a. Any 

observed signal can be ascribed to background signal from the probe, and possible minor 

impurities in the commercially sourced zinc oxide sample. The 2,5-dihydroxyterephthalic acid 

correlation plot (Figure 1b) shows a single short T2* value at 12.1 µs. The T1 value at the center 

of the peak is at 47.7 s and the very left side of the peak is at 0.11 s. The FID shows a clear sinc-

gaussian decay (SM, see section S3).   

The starting materials before milling include 0.75 mL of water, which is apparent in the 2D 

plot (Figure 1c). Water has long T1 and T2 lifetimes due to significant mobility in the liquid state. 

The noted intermediate was captured after 30 minutes of milling, shown in Figure 1d. The water 

peak is still very evident, with new peaks appearing in the bottom two corners of the plot. 

Formation of Zn-MOF-74 (Figure 1e) shows multiple new peaks, attributed to assembly of the 

periodic porous solid. The T1 of the major peak on the upper left of the plot is at 12 ms. The T1 of 

the two peaks on the bottom are 0.20 s and 11.2 s. While the T2* values are 6.8 µs, 7.6 µs and 106 

µs. The smaller less intense peaks trailing off to the right at the longer T2* are most likely artifacts. 

Water adsorption of the porous Zn-MOF-74 product explains the change in water peak.78 The 

relaxation time values for all these samples are summarized in table S1 in the supplementary 

information. 

3.3 Mechanochemical formation of ZIF-8 with in-situ MR Analysis  

The important advantage to highlight with the T1-T2* MR measurement is the ability to 

complete in-situ analysis of the entire reaction mixture. This differs greatly from other in-situ 
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methods, as X-rays or scattering lasers are limited to localized analysis. The synthesis of ZIF-8 

served as our example (Figure 2). The reaction was milled in a small lab-made Teflon jar with two 

small zirconia balls. The materials, made from Teflon and zirconia, permitted the MR 

measurement due to low hydrogen content. This allows the reaction to be milled and analysed 

without ever having to open the milling vessel. The measurements of (a) zinc oxide and (b) 2-

methylimidazole employed a bigger sample than reaction scale to account for low sample signal. 

The plots of (c) reactants pre-milling, (d) ZIF-8 as synthesized and (e) ZIF-8 rinsed, all contained 

the same amount of material and therefore, hydrogen. The plots show variable scaling to better 

reveal low signal. 

  

 

Figure 2. T1-T2* correlation plots of (a) zinc oxide, (b) 2-methylimidazole, (c) reactants pre-milling, (d) ZIF-8 as-synthesized 

and (e) ZIF-8 rinsed. The plot of (c) pre-milling is very similar to the (b) 2-methylimidazole plot due to having more hydrogen 

from that reactant. The zinc oxide sample in (a) only shows probe background signal. Scaling was adjusted to better reveal low 

signal.  

 

a) b) c)

d) e)
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 As noted before, the zinc oxide signal (Figure 2a) consists mostly of background signal from 

the probe and vial. The 2-methylimidazole 2D plot (Figure 2b) indicates one short T2* signal at 

9.1 µs. The major peak has a T1 value of 24.9 s. We posit that the smaller less intense peak with a 

T1 of 0.17 s comes from background signal. For 2-methylimidazole, the decay signal is sinc-

gaussian (SM, see section S3).  

Starting materials were mixed and spectra collected prior to milling (Figure 2c). It displays a 

very similar profile to 2-methylimidazole (Figure 2b), indicating that most of the hydrogen signal 

is coming from that reactant. The plot corresponding to the ZIF-8 product (Figure 2d) consists of 

three distinct peaks. The top intense peak has a T1 value of 0.78 s and T2* of 210 µs, evidence of 

the DMF used to facilitate the reaction and molecular water formed as a by-product. The ZIF-8 

peak just underneath it has a similar T1 value of 0.83 s and a shorter T2* of 10.5 µs. The third peak 

with a short T2* value of 10.5 µs but longer T1 value of 28.8 s represents leftover 2-

methylimidazole. This is supported by figure 2e, which shows the product after rinsing and drying 

overnight under vacuum where the 2-methylimidazole peak is absent. The remaining signal has 

similar relaxation time values as the previous plot. The relaxation time values for all these samples 

are summarized in Table S1 in the supplementary materials. It is worth noting that some ZnO 

phase does remain in the mixture, and though MR inactive, is visible in the PXRD. 

3.4 Exponential vs non-exponential analysis 

Two types of processing exist for T1-T2* data sets. First, the simpler and best-known option is 

to process all the data as if the magnetization evolution curves are all exponentials. This type of 

processing is simple and is commonly used, and the MATLAB program is already developed by 

the Schlumberger-Doll Research Center. The program is user-friendly and only requires a few 

parameters to be manually changed. We utilized this method to process the results in figures 1 and 
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2. The disadvantage is that many rigid samples, like many of our solid samples, display non-

exponential gaussian or sinc-gaussian T2* decay curves (SM, see section S3).79 The sinc-gaussian 

non-exponential T2* decay in the time domain occurs due to a distribution of Pake doublets in the 

frequency domain.80 

This results in non-exponential curves being processed as exponential curves. Although this 

can be an issue for quantification, the results shown by Guo et al. demonstrate that the plots using 

this approximation yield similar relaxation time values to the non-exponential processing results.72 

Exponential processing is a suitable method for species identification and differentiation, but it is 

not suitable for quantification of the samples. This is further supported in figure 3 where we 

compare exponential and non-exponential processing of ZIF-8 synthesis where the exponential 

processing peaks are very similar to the graphs generated from the non-exponential processing 

method (SM, see section S4). 

Non-exponential processing is vital for quantifying signal intensity by its accurate fitting of 

gaussian or sinc-gaussian curves. A novel processing method reported by Guo et al. processes the 

non-exponential part of the decay and the exponential part separately to generate the correlation 

plots to achieve accurate quantifiable results of non-exponential decays, or a combination of 

exponential and non-exponential decays.72 MR measurements are linear measurements and can be 

demonstrated as such. In our study, the hydrogen signal of materials before milling and after 

milling is conserved as established in both of our MOF reactions milled in our lab-made Teflon 

jars. The synthesis of ZIF-8 and its conservation of signal is demonstrated in figure 3.  

Figure 3a and 3b demonstrate the correlation plot results using exponential decay processing 

while figure 3a-f demonstrate results using non-exponential processing. As mentioned previously, 

the resulting relaxation time values between the two types of processing methods are very similar 
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but, without non-exponential processing, accurate quantification of the samples is impossible. 

Figure 3 compares the two methods. In the pre-milling figures 3a and 3c, the most intense peak is 

located at a T1 of 30.9 s for exponential processing and 28.8 s for the non-exponential processing. 

The T2* is the same at 10.5 µs for both types of processing. In the post-milling figures 3b and 3d, 

the liquid peak at a longer T2* is situated at 0.78 s and 210 µs for both types of processing, for T1 

and T2* respectively. The ZIF-8 peak, at the shortest T1 and T2* values, has a T1 of 0.83 s and T2* 

of 10.5 µs for exponential and a T1 of 0.90 s and T2* of 20.0 µs for non-exponential processing. 

The third peak corresponds to leftover 2-methylimidazole. The relaxation times are summarized 

in table S2 of the supplementary information.  

The easiest and most accurate method for quantification involves the back-extrapolation of 1D 

T2* data sets obtained by FID to obtain the time-zero value intensity (figure 3e and 3f). In this 

case, the decay of pre-milling and ZIF-8 as synthesized both contain a gaussian component and an 

exponential component. In these FID plots, the black line represents the raw data while the red line 

indicates the fitting. The reactants pre-milling has a signal intensity of 9.10 x 104 and the ZIF-8 as 

synthesized of 9.69 x 104, establishing conservation of hydrogen signal before and after milling. 

The 2D plots processed by non-exponential fitting can also be used to calculate total signal 

intensity (figure 3c and 3d). Using this method, the pre-milling has a signal intensity of 9.70 x 104 

and the ZIF-8 as synthesized of 1.05 x 105. The values are still similar enough to conclude a linear 

measurement, but the signal intensity determined from the FID data will always be more accurate.  
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Figure 3: Comparison of exponential and non-exponential processing of ZIF-8 synthesis. Plots a and b are T1-T2* correlation 

plots using exponential processing while c and d used non-exponential processing. The plots are described as the following: 

(a) reactants pre-milling with exponential processing, (b) ZIF-8 as synthesized with exponential processing, (c) reactants pre-

milling with non-exponential processing, and (d) ZIF-8 as synthesized with non-exponential processing. The 1D plots of free 

induction decay of T2* using non-exponential processing of (e) ZIF-8 as synthesized and (f) ZIF-8 purified. Both 1D plots 

show a combination of two types of decay: gaussian and exponential decay. 
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3. Conclusions 

We describe for the first time, a new method of in-situ solid-state analysis of 

mechanochemical reactions using T1-T2* relaxation correlation plots, where whole-reaction 

mixtures can be evaluated in the reaction vessel by readily available short deadtime MR 

equipment. Simple saturation recovery sequence was employed to acquire T1-T2* data from the 

solid samples. A short instrument deadtime and long recovery times were needed to acquire the 

short-lived signal and capture the long T1 values. The reactions of Zn-MOF-74 and ZIF-8 were 

completed in a ball mill and monitored using T1-T2* correlation maps. Significant differences in 

relaxation correlation peaks were used to determine the completion of the reaction, confirmed by 

PXRD data and TGA. The T1-T2* measurement provides an easy, versatile, and solvent-free 

process especially useful for mechanochemical reactions and other chemical transformations, such 

as the formation of aggregates for example. This new method can ultimately be applied to many 

industrial processes and materials, as already seen with shales and coals.52–54 Moving forward, we 

envisage the use of an economical lower-field benchtop NMR instrument that will allow the 

measurement to be shorter, more accessible, and more versatile without the need for specially 

engineered equipment for data collection. T1 is greatly influenced by magnetic field, and a lower 

field magnet would shorten the T1, therefore shortening the measurement time greatly. The 

analysis method will be further improved by shortening the measurement time by utilising a Look 

Locker sequence. This would permit the acquisition of multiple FIDs per saturation, instead of 

only acquiring one FID per saturation using our current saturation recovery measurement. A probe 

without background signal would be helpful and allow the measurement of smaller scale reactions 

with less hydrogen content. To expand the scope of the measurement, we are now exploring T1ρ-

T2* correlation measurements.72  
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S1: Methods 

Probe and Teflon vials 

 

Figure S1. Doty DS1-874 1H RF probe, small 7.5 mL Teflon jar, and two small 7 mm zirconia 
balls.  

 

PXRD  

The identities of the all reactants were confirmed through X-ray powder patterns that were 
collected on a Bruker D8 Advance spectrometer in the UNB geochemical and spectrographic 
facilities. Fine powder samples (gently crushed in mortar when necessary) were packed into 
the circular well on the sample-holder, after which it was placed on the sample stage and 
scanned. The diffractometer was equipped with a two circle (theta-theta) goniometer housed in 
a radiation safety enclosure. The X-ray source was a sealed, 2.2 kW Cu X-ray tube, maintained 
at an operating current of 40 kV and 25 mA. The X-ray optics was that of standard Bragg-
Brentano para-focusing mode with the X-rays diverging from a divergence slit (1.00 mm) at 
the tube to strike the sample and then converging through an anti-scatter receiving slit (1.00 
mm) and a detector slit (0.20 mm). The goniometer was computer controlled with independent 
stepper motors and optical encoders for the θ and 2θ circles with the smallest angular step size 
of 0.0001° 2θ. Samples were scanned in the range of 5-70° 2θ A step size of 0.02° and a step 
time of 1.0 sec were used during the measurements. A peltier-cooled solid-state [Si(Li)] 
detector (Sol-X) with a useful energy range of 1 to 60 KeV was used as the detector. No 
correction was made for Kβ radiation. A set of 2° Soller slits were used in order to lower 
horizontal beam divergence.  

The identities of the after-milling products were obtained on a Bruker D2 PHASER 
diffractometer equipped with a LynxEye linear position sensitive detector (Bruker AXS, 
Madison, WI, USA), using Ni-filtered CuKα radiation. The data were collected between 2θ 4-
50°, at increment of 0.02° and exposure time of 0.3 s. 

SEM/EDS 

SEM images and EDS data were collected on a JEOL JSM-6400 Scanning Electron 
Microscope equipped with an EDAX Genesis 4000 Energy Dispersive X-ray (EDS) analyser 
at the UNB Microscopy and Microanalysis Facility. EDS analysis was performed at an 
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accelerating voltage of 15 kV and a beam current of 1.5 nA, with a working distance of 14 mm.  
Collection time was 50 seconds per analysis point. 

TGA 

TGA data were obtained on a TGA 5500 Discovery by TA Instruments. The samples were 
heated to 700°C at a rate of 10 °C/min and a gas flow of 25 mL/min.  

MR measurement  

Solid materials have particularly interesting T1 -T2* behaviors. Solids commonly feature very 
long T1 values and extremely short T2 values. This is explained by Bloembergen-Purcell-Pound 
(BPP) theory which illustrates the theoretical relationship between T1 and T2 relaxation times 
and molecular mobility.1 BPP theory emphasizes the importance of correlation time and motion 
in determining MR lifetime. Solids have increasingly large T1 values as molecular and proton 
mobility decreases, and very short T2 values. Since T2* decay is governed by T2, the T2* decay 
of solids is very short.  Indeed, in our study, a T1 of 47.7 s and a T2* as short as 5.7 µs were 
measured.  

These unusual relaxation times heavily influenced our relaxation measurement and pulse 
sequence choices. Common relaxation time methodologies to obtain T1-T2 data based on 
multiple spin echoes are not appropriate for solid samples since the short-lived signal decays 
too rapidly compared to the echo time and long 90° and 180° pulses. A typical pulse sequence 
to obtain bulk T1-T2* data employs inversion recovery, with FIDs acquired as a function of 
recovery time. This sequence is problematic since the minimum observation time of the 
sequence is too long to observe the short-lived T2* signal.  

To keep the measurements in this study straightforward, we utilized a saturation recovery pulse 
sequence to obtain T1-T2* data. Saturation recovery (figure 4b) is the most appropriate MR 
sequence for solid-state analysis for a few reasons. First, it is a quick measurement. There is 
no need to wait five times the value of T1 or to use a full 90° pulse during the sequence, which 
greatly reduces the minimum observation time of the sequence. Also, saturation recovery 
allows the measurement of very short T2* decays because of the lack of multiple spin echoes 
or long RF pulses. To assure the acquisition of the short-lived FID decay, a short duration RF 
pulse, 5 µs, was utilized in this study. It is also important to have short acquisition deadtimes 
to have a chance at measuring the very short T2* component. The deadtime (dt) was 4 µs. 

Figure S2. The pulse sequence of a (a) FID and (b) saturation recovery with some important 
parameters shown. The pulse wisth (pw) and probe dead time (dt) must be kept short to ensure 
capturing short-lived signal from the solid samples. In the FID sequence, the recycle delay (rd) 
is an important factor in measurement time since its value should be equal to five times the 
value of the longest T1 in the sample. In the saturation recovery sequence, a series (n) of pw 
pulses are applied followed by a series of different lengths of recovery times (τ). The T2* values 
are obtained from the FID curves, while the T1 weighing depends on the longitudinal 
magnetization recovery after saturation.  

a) b) 
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S2: Relaxation Time Values 

 

Table S1. Relaxation times of ZIF-8 and MOF-74 synthesis. (corresponding numbered plots 
below) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Sample Peak 1 2 3 4 

  (T1, T2*) / 
(s, µs) 

    
Z

n-
M

O
F-

74
 Zinc oxide  (0.14, 9.7) (0.96, 12.1)   

2,5-dihydroxyterephthalic acid  (0.11, 12.1) (47.7, 12.1)   

Before milling  (0.63, 416)    

Milling 30 minutes  (0.10, 432) (7.29, 4.09)   

After milling  (0.012, 106) (0.20, 6.8) (11.2, 7.6)  

Z
IF

-8
 

Zinc oxide  (0.14, 9.7) (0.96, 12.1)   

2-methylimidazole  (0.17, 9.1) (24.9, 9.1)   

Before milling  (2.30, 432) (0.15, 10.5) (30.9, 10.5)  

After milling   (0.78, 210) (0.83, 10.5) (28.8, 10.5)  

After milling rinsed   (1.04, 598) (0.08, 10.1) (1.04, 10.5)  
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Table S2. Relaxation times of ZIF-8 synthesis comparing exponential and non-exponential 
processing. (corresponding numbered plots below) 

 

  

  Sample Peak 1 2 3 4 

   (T1, T2*) / 
(s, µs) 

    

 

E
xp

. Reactants pre-milling  (2.30, 432) (0.15, 10.5) (30.9, 10.5)  

 ZIF-8 as synthesized  (0.78, 210) (0.83, 10.5) (28.8, 10.5)  

 

N
on

-
E

xp
. Reactants pre-milling  (2.30, 387) (0.16, 18.6) (33.2, 20.8)  

 ZIF-8 as synthesized  (0.78, 210) (0.90, 20.0) (24.9, 21.5)  
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S3: 1D Relaxation Time Plots 

 

Figure S3. Free induction decay (FID) measurement of T2* in zinc oxide sample. 

 

 

Figure S4. Saturation recovery measurement of T1 in zinc oxide sample.  
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Figure S5. Free induction decay (FID) measurement of T2* in 2,5-dihydroxyterephthalic acid 
sample. 

 

Figure S6. Saturation recovery measurement of T1 in 2,5-dihydroxyterephthalic acid sample. 
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Figure S7. Free induction decay (FID) measurement of T2* in Zn-MOF-74 mixture before 
milling sample. 

 

Figure S8. Saturation recovery measurement of T1 in Zn-MOF-74 mixture before milling 
sample.  
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Figure S9. Free induction decay (FID) measurement of T2* in Zn-MOF-74 as synthesized 
sample.  

 

 

Figure S10. Saturation recovery measurement of T1 in Zn-MOF-74 as synthesized sample. 
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Figure S11. Free induction decay (FID) measurement of T2* in 2-methylimidazole sample. 

 

 

Figure S12. Saturation recovery measurement of T1 in 2-methylimidazole sample. 
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Figure S13. Free induction decay (FID) measurement of T2* in ZIF-8 mixture before milling 
sample.  

 

 

Figure S14. Saturation recovery measurement of T1 in ZIF-8 mixture before milling sample. 
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Figure S15. Free induction decay (FID) measurement of T2* in ZIF-8 as synthesized sample. 

 

 

Figure S16. Saturation recovery measurement of T1 in ZIF-8 as synthesized sample.  
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Figure S17. Free induction decay (FID) measurement of T2* in ZIF-8 rinsed and dried 
sample. 

 

 

Figure S18. Saturation recovery measurement of T1 in ZIF-8 rinsed and dried sample.  
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S4: Non-Exponential Relaxation Time Correlation Plots 

 

 

Figure S19. T1-T2* correlation plot of 2-methylimidazole, using non-exponential processing.  

 

 

Figure S20. T1-T2* correlation plot of 2,5-dihydroxyterephthalic acid, using non-exponential 
processing. 
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Figure S21. T1-T2* correlation plot of Zn-MOF-74 after milling, using non-exponential 
processing. 
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S5: PXRD Analysis  

 

Figure S22. PXRD data of the ZIF-8 reaction. Simulated data obtained using Mercury.2 

 

Figure S23. PXRD data of the Zn-MOF-74 reaction. Simulated data obtained using Mercury.2  

2θ (°) 

2θ (°) 
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S6: SEM and EDS Analysis 

 

 

 

Figure S24. SEM micrographs of zinc oxide at 100 µm (a) and 10 µm (b). 

 

 

Figure S25. EDS analysis of zinc oxide (figure S24a, 100 µm). 

(a) (b) (c) 

(a) (b) 
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Figure S26. SEM micrographs of zinc acetate dihydrate at 100 µm (a) and 500 µm (b). 

 

 

 

Figure S27. EDS analysis of zinc acetate dihydrate (figure S26a, 100 µm).  

(a) (b) 

(a) (b) (c) 
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Figure S28. SEM micrographs of ZIF-8 after milling at 200 µm (a) and 100 µm (b). 

 

Figure S29. EDS analysis of ZIF-8 (figure S28a, 200 µm). 

(a) (b) 

(a) (b) 
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Figure S30. SEM micrographs of Zn-MOF-74 after milling at 100 µm (a) and 20 µm (b). 

 

 

Figure S31. EDS analysis of Zn-MOF-74 (figure S30a, 100 µm). 

  

(a) (b) 

(a) (b) (c) 



S21 
 

S7: TGA Analysis  

 

 

 

Figure S32. TGA analysis of ZIF-8. 

 

 

 

Figure S33. TGA analysis of Zn-MOF-74. 
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