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In this paper, we present a new approach to monitoring mechanochemical transformations, based on a
magnetic resonance (MR) method in which relaxation time correlation maps are used to track the
formation of the popular metal-organic framework (MOF) materials Zn-MOF-74 and ZIF-8. The two-
dimensional (2D) relaxation correlation measurement employed yields a T — T spectrum which visually
and analytically identifies different 'H environments in the sample of interest. The measurement is well-
suited to analyzing solid mixtures, and liquids, in complex systems. Application in this work to
monitoring MOF formation shows changes in signal amplitudes, and their MR lifetime coordinates,
within the 2D plots as the reaction progresses, confirming reaction completion. This new measurement
provides a simple way to analyse solid-state reactions without dissolution, and there is a logical pathway
to benchtop measurement with a new generation of permanent magnet-based MR instruments. The
methodology described permits measurement in an MR compatible milling container, which may be
directly transferred from the shaker assembly to the MR magnet for in situ measurement of the entire

rsc.li/pccp reaction mixture.

1. Introduction

Mechanochemistry, i.e. chemical reactions induced and/or sus-
tained through grinding, milling, shearing or other types of
mechanical agitation, has emerged as a popular and versatile
method for synthesizing molecules and materials in the absence
of bulk solvents." The ability to circumvent the need for bulk
solvents, while 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, ‘greener’
alternative to more conventional solvent-based synthesis. The
scope of possible reactions by mechanochemical activation is
widespread, with recent reviews and reports outlining mechan-
ochemical approaches to organic,>* inorganic,*® organometallic,®
supramolecular,”® and coordination’®* chemistry, as well as a
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range of advanced material targets such as metal-organic frame-
works (MOFs),"*'* nanomaterials,"*"® and more. Mechanochem-
ical transformations open the door to new synthetic
opportunities'® such as the formation of unusual products, trap-
ping of typically unstable intermediates, and the enhanced selec-
tivity of products™ while also serving as an important tool for
reducing reaction times."”

Many details of mechanochemical reactions remain poorly
understood,"® with attempts'>'® to elucidate the underlying
physicochemical process often involving extensive and systema-
tic 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.?* >

Real-time monitoring of reactions by thermography, powder
X-ray diffraction (PXRD),**** Raman spectroscopy,>*® and
different combinations of these?” have shown great progress
in our ability to monitor reactions without the need to disrupt
the reaction or dissolve the products for subsequent analyses.*®
Nevertheless, in situ mechanochemistry monitoring approaches
are still in their infancy, and face numerous challenges. One of
these is difficulty obtaining reliable data when measuring over
a limited and inhomogeneous sampling area. This can lead to
low quality data that is difficult to interpret.”® The majority of
current monitoring methods are surface measurements or
require high-cost specialized apparatus. We are seeking to
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develop a monitoring method, through time domain magnetic
resonance (MR), that is compatible with the milling container
employed with a mechanical shaker. This will permit simple
measurement of the milling container and its contents when
inserted into a benchtop MR instrument. The result would be a
whole sample bulk measurement, where the sample is undisturbed
in the milling container. It will thus be well suited to time resolving
the progress of a mechanochemistry reaction in the laboratory.

MR is an incredibly varied and continually expanding field.
While it is best known for its uses in chemical spectroscopic
analysis®*?! and biomedical imaging,*>*> MR can be the basis
of many other analyses. MR relaxation time measurements for
example are now commonly used to analyse porous materials
(e.g. rock cores)**° and food materials.’”*° Relaxation time
measurements are usually based on longitudinal (7;) and
transverse (7,) relaxation times, but it is increasingly common
to combine these into relaxation correlation experiments, for
example T;-T,. There are many similarities between 2D relaxa-
tion correlation experiments and 2D MR spectroscopy. In each
case a 2D analysis permits better discrimination of the MR
signal. In 2D MR spectroscopy the 2D plot shows signal
intensity as a function of frequency with data processing via a
2D Fourier transform. In 2D relaxation correlation the 2D plot
shows signal intensity as a function of signal lifetime(s) with
data processing via a 2D Inverse Laplace transform. The T;-T,
measurement is ideal for samples with liquid like signal
components with long 7, lifetimes. Solid-like signal compo-
nents however have T, lifetimes too short for useful measure-
ment. Marreiros et al recently reported studies of gas
adsorption in MOFs using T;-T, measurements but identified
one of the core challenges to be measuring samples, such as
solids, with short-lived T, signal.*

We have recently developed a new relaxation correlation
measurement that is designed to capture short lived transverse
lifetime signal components.** The new measurement, T; — T3,
captures solid and liquid signals permitting discrimination of
species via signal lifetime(s). The 77 — 7 method is facile and
combines saturation recovery with free induction decays. The
minimum observation time of the 71 — T; method is limited
only by the instrument deadtime, which makes it ideal to
measure rigid samples with short 77 lifetimes. 77 — 75 mea-
surements have been used to distinguish solid kerogen, from
water and oil in shales,"*** and to classify coal samples.*” In
this work we use this method to analyze solid and liquid
species in solid-state mechanochemical reactions for the first
time. Furthermore, the entire mechanochemical process, from
synthesis to analysis, may take place in the milling container
without the requirement of sample removal and transfer.

A typical liquid-state MR experiment requires the product to
be dissolved for measurement. Alternatively, MR analysis in the
solid state requires transfer of the product to a rotor, which is
then spun at high speed at the magic angle for spectroscopic
analysis. Schiffmann and coworkers have assembled a minia-
turized milling apparatus that is compatible with a magic-angle
spinning solid-state MR instrument.’® This is a powerful
approach to the mechanochemistry analysis problem, but it is
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not a general solution that can be translated to routine practise
by a wide range of laboratories. The time domain relaxation
correlation approach, 77 — 75 permits analysis of static sam-
ples and eliminates the need for material transfer in lab scale
mechanochemistry, with all the attendant benefits. In this work
we employ synthesis of MOFs as test examples for this method.
Specifically, the milling synthesis of the well-known material
Zn-MOF-74 (also known as CPO-27) is monitored by 71 — 75
relaxation correlation analysis, with special attention to the
formation of an intermediate and evident colour change. We
then successfully demonstrate the mechanosynthesis and this
MR analysis of the zeolitic imidazolate framework ZIF-8 within
a reaction vessel that is MR compatible. The nature of the
information provided by relaxation correlation measurements
makes these methods well-suited to following the progress of a
reaction, but less well suited to a mechanistic interpretation of
a reaction. Following the progress of mechanochemistry reac-
tions with 71 — 75 measurement with desktop MR instrumen-
tation is our ultimate goal.

2. Experimental
2.1 Chemicals

Zinc oxide (99%), 2-methylimidazole (99%), zinc acetate dihy-
drate (98%), and 2,5-dihydroxyterephthalic acid (98%), were
purchased from Sigma Aldrich. All reactants were used without
further purification.

2.2 MR method

In time domain MR analysis, an instrument with a short
deadtime must be utilized to capture the short 7; 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 'H 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 ESIL,T Section S1). A large amount of
sample (gram scale) was employed to increase sensitivity and to
ensure the sample signal dominates over background signal
from the probe. All measurements were collected at room
temperature (295 K).

Parameters specific to these measurements included a dwell
time of 400 ns, a pulse length of 5 us, 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 ps to 99 s for the saturation
recovery pulse sequence. The receiver gain (RG) depended on
the intensity of signal measured from each sample. The dead-
time was 4 ps.

The data was collected using simple FID and saturation
recovery (ESLt Section S1). Total measurement time took
approximately 20 minutes for individual FID measurements
and 1 h 48 min for the saturation recovery measurement.
A MATLAB program employing code from the program by the
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Schlumberger-Doll Research Center was utilized to process the
data to generate the 7; — 75 time correlation maps. This
program assumed the signal change to be purely exponential.
For non-exponential data processing, a new 7 — T; analysis
method was employed.”” A detailed explanation of the MR
measurement is in the ESIT (Section S1).

2.3 Other methods

The mechanochemical preparation of Zn-MOF-74 and ZIF-8
followed the procedures established by Julien et al®® and
Tanaka et al,*® respectively. For the synthesis leading to
Zn-MOF-74, 6.67 mmol of zinc oxide (543 mg), 3.33 mmol of
2,5-dihydroxyterephthalic acid (H,dhta; 660 mg), and 0.75 mL
of water were milled in a 15 mL poly(methyl)methacrylate
(PMMA) jar, with two 7 mm diameter stainless steel balls for
90 minutes at 30 Hz. For the synthesis of ZIF-8, 3.75 mmol of
zinc oxide (305 mg), 7.5 mmol of 2-methylimidazole (616 mg),
and 30 mol% of zinc acetate dihydrate (247 mg) were added to
an in-house made Teflon milling container, with two 7 mm
diameter zirconia balls. In a Retsch MM400 mixer mill, the
milling container was shaken at 30 Hz for 2 hours.

The identities of the final products were confirmed through
X-ray powder diffraction (PXRD) patterns collected on a Bruker
D8 Advance spectrometer. Scanning electron microscope (SEM)
images and energy dispersive X-ray spectroscopy (EDS) data
were collected on a JEOL JSM-6400 Scanning Electron Micro-
scope equipped with an EDAX Genesis 4000 Energy Dispersive
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X-ray analyser. Detailed methodology for PXRD, SEM, and EDS
can be found in the ESIf (Section S1).

3. Results and discussion
3.1 Reactions and characterization

The two MOF milling synthesis reactions were analysed by MR
relaxation time measurements. The synthesis of Zn-MOF-74
followed the procedure established by Julien et al.*® It consisted
of milling ZnO, 2,5-dihydroxyterephthalic acid, and water
together. The M-MOF-74 family of materials is particularly
interesting because of their excellent stability, and gas adsorp-
tion and catalysis abilities.>® The second reaction involved the
synthesis of ZIF-8 and followed the established procedure by
Tanaka et al,* and involved the milling of zinc oxide and 2-
methylimidazole in the presence of extra zinc acetate hydrate.
ZIF-8 has been studied for its promising gas separation, sen-
sing, and catalysis capabilities due to its excellent chemical and
thermal stability.’" Detailed mechanisms of the Zn-MOF-74"
and ZIF-8*° reactions have been published. PXRD (ESI,t see
Section S5), SEM images and corresponding EDS data (ESI,} see
Section S6), and MR correlation plots were all obtained for
these reactions.

3.2 Zn-MOF-74 reaction: capturing the intermediate

The reaction of Zn-MOF-74 is particularly interesting for its
distinct colour changes and documented intermediate phase.*®
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Fig. 1 T, — T; 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. Data collected at 295 K, 4.7 Tesla.
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Use of clear PMMA milling jars permitted observation of these
changes during milling (Fig. 1f). The starting mixture appears
bright yellow due to the presence of 2,5-dihydroxyterephthalic
acid, but it quickly transforms to a pale yellow, and eventually a
white colour. The observation of white material is evidence of
the intermediate, Zn(H,0),(H,dhta), being formed. The yellow
hue of the Zn-MOF-74 final product is visible as the sticky
mixture suddenly transforms into a powder. The resulting
product is a dry dull yellow powder. The quick transition from
liquid mixture to dry product can tentatively be explained by
the moisture sequestration of MOF-74.

Fig. 1 demonstrates the progress of the Zn-MOF-74 reaction
examined by 77 — T relaxation correlation measurement. Dis-
tinct changes in the peaks are visible between the reactant, pre-
milling, and after milling plots which indicates the formation
of the new MOF product. Correlation plots of (a) zinc oxide and
(b) 2,5-dihydroxyterephthalic acid are displayed using notably
different scaling 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
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 zinc oxide contains minimal hydrogen which is appar-
ent in Fig. 1a. Any observed signal can be ascribed to back-
ground signal from the probe, and possible impurities in the
zinc oxide sample. The 2,5-dihydroxyterephthalic acid correla-
tion plot (Fig. 1b) shows a single short lifetime 7% of 12 us
(peak A). The T, value at the center of the peak is at 48 s and at
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the very left side of the peak it is 0.11 s. The FID shows a clear
sinc-Gaussian decay (ESL,T see Section S3).

The starting materials before milling included 0.75 mL of
water, which is apparent in the 2D plot (Fig. 1c, peak B). Water
has relatively long T; and 7, lifetimes due to significant
mobility in the liquid state. The noted intermediate was cap-
tured after 30 minutes of milling (Fig. 1d). The water peak is
still very evident (peak C), with new peaks appearing in the
bottom corners of the plot (peaks D and E). Formation of MOF-
74 (Fig. 1e) shows multiple new peaks, attributed to assembly of
the periodic porous solid. The T; of the major peak on the
upper left of the plot is at 12 ms (peak F). The T; of the two
peaks on the bottom are 0.20 s and 11.2 s (peaks G and H,
respectively). The T5 values are 7 ps (G), 7 ps (H) and 106 ps (F).
The smaller less intense peaks trailing off to the right at the
longer T are most likely artifacts. Water adsorption of the
porous Zn-MOF-74 product explains the change in the water
peak.”” The relaxation time values for all these samples are
summarized in Table S1 in the ESL.}

3.3 ZIF-8 reaction: in situ MR analysis

The important advantage to highlight with the 7 — 75 MR
measurement is the ability to undertake analysis of the reaction
in the milling container. We consider analysis in the milling
container, even when removed from the shaker apparatus, to be
an in situ measurement. The synthesis of ZIF-8 served as our
example (Fig. 2). The reaction was milled in a small lab-made
Teflon jar with two small zirconia balls. These materials, Teflon
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Fig. 2 T, — T3 correlation plots of (a) zinc oxide, (b) 2-methylimidazole, (c) zinc acetate dihydrate, (d) reactants pre-milling, (e) ZIF-8 as synthesized and
(f) ZIF-8 purified. The plot of (d) pre-milling is very similar to the (b) 2-methylimidazole plot due to having more hydrogen from that reactant. Zinc oxide
(a) only shows probe background signal. Scaling was adjusted to better reveal low signal. Data collected at 295 K, 4.7 Tesla.
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and zirconia, have minimal hydrogen content yielding minimal As expected, the zinc oxide signal (Fig. 2a) consists mostly of
background signal. This allows the reaction to be milled and background signal from the probe and sample vessel. The
analysed without ever having to open the milling vessel. The signal intensity is very weak since there is very little hydrogen
measurements of (a) zinc oxide, (b) 2-methylimidazole, and (¢) present. The major peaks have Ty values of 140 ms (A) and
zinc acetate dihydrate, all employed a zoomed scale compared to 960 ms (B), and 75 values of 10 ps and 12 ps. The 2-
the display scale for the reaction to reveal low amplitude back- methylimidazole 2D plot (Fig. 2b) indicates one short lifetime
ground signal. The plots of (d) reactants pre-milling, (e) ZIF-8 as 7 signal at 9 s (C). This major peak has a T, value of 24.9 s.
synthesized and (f) ZIF-8 purified, all contained the same amount =~ We posit that the smaller less intense peak with a T, of 0.17 s
of material and therefore, the same quantity of hydrogen. The comes from background signal. For 2-methylimidazole, the

plots have variable scaling to better reveal low signal. decay is sinc-Gaussian (ESL,i see Section S3). Zinc acetate
Reactant pre-milling ZIF-8 as synthesized
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Fig. 3 Comparison of exponential and non-exponential processing of ZIF-8 synthesis. Plots a and b are T; — T correlation plots using exponential
processing while ¢ 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 T3 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. Data collected at 295 K, 4.7 Tesla.
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dihydrate has four peaks with 7’; values of 6 pus and 19 ps and T,
values of 0.15 s and 30.9 s (Fig. 2c).

Starting materials were mixed and spectra collected prior to
milling (Fig. 2d). They display a very similar profile to 2-
methylimidazole (Fig. 2b), indicating that most of the hydrogen
signal is coming from that reactant. The plot of the ZIF-8
product (Fig. 2e) consists of two distinct peaks. The T; values
are similar at 0.83 s (peak D) and 10.4 s (peak E), with T values
of 14 ps (D) and 175 ps (E). The main signal, with the longer 77,
indicates the formation of ZIF-8. The sharp signal towards the
top of the plot is evidence of water (F) and acetic acid formed as
by-products in the reaction. This is supported by Fig. 2f, which
shows the product after rinsing and drying overnight under
vacuum where the liquid peak is no longer visible. The remain-
ing signal has very similar relaxation time values as the
previous plot. The relaxation time values for all these samples
are summarized in Table S1 in the ESLf

3.4 Exponential vs. non-exponential analysis

Two types of processing exist for T} — 7T, data sets. The
simplest option is to process all the data assuming the trans-
verse magnetization decays are exponentials. This type of
processing is simple and is commonly employed in relaxation
correlation measurements such as T;-T,. The Schlumberger
program employed is user-friendly and only requires a few
parameters to be manually changed. We utilized this method
to process the results in Fig. 1 and 2. The disadvantage is that
many rigid samples, like many of our solid samples, display
non-exponential Gaussian or sinc-Gaussian 75 decay curves
(ESL, see Section $3).”* The sinc-Gaussian non-exponential T3
decay in the time domain occurs due to a distribution of Pake
doublets in the frequency domain.>*

Processing non-exponential decay curves as exponential
curves will introduce errors and harm quantification. However,
the work of Guo et al. demonstrates that the plots using this
approximation yield similar relaxation time values to the non-
exponential processing results.*” 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 Fig. 3 where we compare exponential and
non-exponential processing of ZIF-8 synthesis where the expo-
nential processing peaks are very similar to the graphs gener-
ated from the non-exponential processing method (ESL{ see
Section S4).

Non-exponential processing is vital for quantifying signal
intensity when dealing with Gaussian or sinc-Gaussian curves.
The processing method reported by Guo et al. processes the
non-exponential part of the decay and the exponential part
separately to generate composite correlation plots to achieve
accurate quantifiable results with non-exponential decays, or a
combination of exponential and non-exponential decays.’”” MR
measurements are direct measurements of the nuclei under
study, 'H in this case, and the processed signal intensity should
be directly proportional to the 'H content of the sample. In our
study, the hydrogen signal of materials before milling and after

548 | Phys. Chem. Chem. Phys., 2024, 26, 543-550

View Article Online

PCCP

milling is conserved as established in both of our MOF reac-
tions milled in lab-made Teflon jars. The synthesis of ZIF-8 and
its conservation of signal is demonstrated in Fig. 3.

Fig. 3a and b demonstrate the correlation plot results using
exponential decay processing while Fig. 3c-f demonstrate
results using non-exponential processing. As mentioned pre-
viously, the resulting relaxation time values between the two
types of processing methods are very similar but, accurate
quantification requires non-exponential processing. Fig. 3 com-
pares the two methods. In the pre-milling Fig. 3a and ¢, the most
intense peak is located at T; of 28.8 s in both types of processing
for the same sample. The T7; varies from 11 us for exponential
processing to 21 s for non-exponential processing. In the post-
milling Fig. 3b and d, the main peak is situated at 0.78 s and 16
us for exponential processing and 0.67 s and 29 ps for non-
exponential processing, for T; and T, respectively. The liquid
peak, found at a longer 75, has a value of 25 ps for exponential
processing and 270 ps for non-exponential processing. The
relaxation times are summarized in Table S2 of the ESI.¥ The
minor differences from our previous ZIF-8 results in Fig. 2 are
due to measurements being run on different days. In this case,
humid lab conditions could be responsible for water contamina-
tion and a liquid peak at a longer 7 in the pre-milling plots.

The easiest and most accurate method of quantification
involves the back-extrapolation of 1D 7, data sets, obtained
by simple FID measurement to obtain the time-zero value
intensity (Fig. 3e and f). In this case, the decay of pre-milling
and ZIF-8 as synthesized both contain a Gaussian 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 had a signal intensity of 8.32 x 10*
and the ZIF-8 as synthesized of 8.31 x 10", establishing con-
servation of hydrogen signal before and after milling. The FID
decays reveal clear differences in the lifetimes of the 'H species
present before and after milling.

4. Conclusions

We describe a new method of solid-state analysis of mechan-
ochemical reactions using 77 — T relaxation correlation plots.
A simple saturation recovery sequence, with full FID data
collected, was employed to acquire 77 — 7T, data from the
solid-like samples. A short instrument deadtime was essential
to capturing the solid-like signal. Zn-MOF-74 and ZIF-8 were
mechanochemically synthesised in a ball mill and monitored
using 7| — T; correlation maps. Significant differences in
relaxation correlation peaks were used to determine the com-
pletion of the reaction, confirmed by PXRD data. The 7| — T5
measurement provides an easy, versatile, and solvent-free pro-
cess especially useful for mechanochemical reactions and for-
mulations, particularly with judicious choice of reaction vessel
allowing for in situ analysis as is described here. This new
method may be applied to many real-life industrial processes
and materials with proper adjustments, as already seen with
shales and coals.*™*
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In future work the 7' — 75 analysis method may be further
improved by utilising a Look Locker manipulation in the T;
dimension instead of saturation recovery.*>® This permits acqui-
sition of multiple FIDs per saturation, instead of acquiring only
one FID per saturation using our current 7} — 7 measure-
ment. Finally, low field benchtop MR instrument is the natural
pathway to more routine implementation of these methods, as
the lower static magnetic field also results in shorter T; life-
times, permitting more rapid overall measurement.
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