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ABSTRACT:We evaluate critically the use of pulsed gradient spinŠecho nuclear magnetic
resonance to measure molecular mobility during chemical reactions. With raw NMR spectra
available in a public depository, we con� rm the boosted mobility during the click chemical
reaction (Wang et al.Science2020 369, 537Š541) regardless of the order of magnetic� eld
gradient (linearly increasing, linearly decreasing, random sequence). We also con� rm boosted
mobility for the DielsŠAlder chemical reaction. The conceptual advantage of the former chemical
system is that a constant reaction rate implies a constant catalyst concentration, whereas that of
the latter is the absence of a paramagnetic catalyst, precluding paramagnetism as an objection to
the measurements. The data and discussion in this paper show the reliability of experiments when
one avoids convection, allows decay of nuclear spin magnetization between successive pulses and
recovery of its intensity between gradients, and satis� es quasi-steady state during the time window
to acquire each datum. Especially important is to make comparisons on the time scale of the
actual chemical reaction kinetics. We discuss possible sources of mistaken conclusions that are
desirable to avoid.

A surge of interest to understand moving entities that
consume energy during the course of their motion, so-

called“active matter”,1Š7 is entering a phase that goes beyond
an earlier focus on colloidal and nanoparticle active mobility
and, today, considers the role of molecules as active
matter.3,4,7Š9 We consider here pulsed gradient spinŠecho
(PGSE) NMR.10Š14 The technique often is combined with a
di� usion-ordered NMR spectroscopy (DOSY) analysis in
which one dimension represents chemical shift data while
the second dimension resolves species by their di� usion
properties.15Š19 This technique presents many attractive
features. Unlike� uorescence-based methods, it does not
require chemical tags on the sample. Unlike dynamic light
scattering, there is no minimum molecular size.20,21 It
simultaneously identi� es di� erent chemical species and their
abundance in the same sample. It can be extended to out-of-
equilibrium situations.18,19,22Š24 For example, it can discrim-
inate reactive intermediates of organometallics, determining
their aggregation number, solvation states, and the identi-
� cation of new reaction intermediates based on the unique
capability of this method to correlate structure and
mobility.25,26

Extending a recent study from this laboratory27 and our
response28 to a critical comment,29 we evaluate here critically
the soundness of the PGSE method to assess molecular
mobility in common chemical reactions. As precautions
needed to avoid convection are discussed amply in the
literature30,31 we do not discuss them. The discussion in this
paper dwells on two issues. We discuss the conditions to
satisfy, while acquiring each datum, the quasi-steady-state
condition in this out-of-equilibrium condition. Second, we

discuss changes in the relaxation time of nuclear spin
magnetization parallel to the external magnetic� eld that
could lead to a change of signal intensity, a matter that is
testable by varying the relaxation delay time.12,13 Finally, we
highlight that, to check the physical reasonability of
conclusions, mobility measurements should be compared to
the time scale of actual chemical reaction kinetics.

The concept is summarized inFigure 1. The liquid sample is
mounted in an NMR tube. After a pulse magnetic� eld to align
nuclear spins of the chemical moieties of interest, a linear
magnetic� eld gradient along the cylinder length encodes the
spatial information. After a waiting time, during which the
chemical moieties of interest experience self-di� usion, the
signal is negated by pulses that recover the original nuclear
spins� the only signal left is from chemical moieties that
migrated to a di� erent vertical location in the� eld gradient.
These procedures can be accomplished in various ways; we
adopted one of the standard methods, to apply two subsequent
echo pulses, the exact reverse of the� rst pulse. In the concept
of this measurement, the above procedure is repeated, each
time with a di� erent magnetic� eld gradient. The attenuated
intensity in the recovered signal, plotted against the gradient
� eld squared in these multiple experiments, gives using
standard analysis a number proportional to the self-di� usion
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Figure 1.Schematic concept of PGSE NMR. The liquid sample is mounted in a conventional cylindrical NMR tube. (A) A standard sequence of
pulses and magnetic� eld gradient is applied to spatially encode spins of interest by dephasing, resulting a reduced signal after an echo pulse is
applied. (B) It is standard to set up magnetic gradients with the magnitude of each of them, commonly 16 discrete� elds, in a linearly increasing
sequence. This paper compares the� ndings using a random sequence and a linearly decreasing sequence. (C) The self-di� usion coe� cient is
proportional, by a standard analysis, to a plot of logarithmic signal intensity against the square magnetic� eld gradient.

Figure 2.Di� usion data for the click reaction compared using linearly increasing, linearly decreasing, and random sequences of magnetic� elds. (A)
Chemistry of this reaction. (B, C) Kinetics of this reaction, showing smoothed data for the conditions of ref27. Gray shaded vertical bar indicates
the time scale, 3Š5 min, needed for one measurement. (D) NMR spectra near the start (15 min) and end (120 min) of a reaction, showing the
NMR peak assignments. (inset) Enlarged catalyst ligand peaks. (E) Comparisons of data taken using three sequences of magnetic gradients for
reactant peaks: (aŠd) for 4.2 ppm and (eŠh) for 2.9 ppm. (a, e) Ratio of di� usion coe� cients of chemical moieties obtained from a random
sequence (gray spheres) and a linearly decreasing sequence (navy triangles) to a linearly increasing sequence (rectangles). (bŠh) Increased
di� usion coe� cient, relative toDo at the end of reaction, plotted against reaction time for data taken using linearly decreasing (b, f), random (c, g),
and increasing (d, h) sequences of magnetic� eld. Pulse width = 10� s. Gradient length = 1050� s. Di� usion time = 50 ms. Relaxation delay time =
3 s (b, f). Pulse width = 10� s. Gradient length = 1100� s. Di� usion time = 50 ms. Relaxation delay time = 5 s (c, g). Reaction conditions: 250 mM
reactant, 20 mM catalyst.
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coe� cient. Given the claim that gradients composed of linearly
increasing, linearly decreasing, and random sequences give
inconsistent results,29 here we compare such� ndings with
measurements made in our laboratory. Our favorable
comparison between the three procedures allows one to
quantitatively assess the quasi-steady-state assumption on
which reliable measurement depends.

Figure 2shows data averaged from multiple independent
experiments involving the aqueous click reaction; representa-
tive raw data from individual experiments are freely available
on a public depository.32 With chemical reaction conditions
selected to be the same as in our original report,27 the aqueous
click reaction between alkyne and azide (Figure 2A) was
allowed to proceed at room temperature with reactant and
catalyst concentrations that produce a constant reaction rate
for the � rst 80 min and reaction completion at 120 min
(Figure 2B,C), signi� cantly longer than the 3Š5 min needed to
acquire each datum. Chemical shifts of relevant NMR peaks
are cleanly resolved (Figure 2D). For the conditions
speci� ed27 the relative change of peak intensity in one scan
is 0.2%, while to produce the magnetic� eld gradient (16
scans) it is at most 3%, small relative to the 5%Š95% imposed
magnetic� eld gradient intensity. The assertion that concen-
trations change substantially while measuring each datum29 is
not supported.

Figure 2E shows data comparing� ndings obtained using
three di� erent sequences of magnetic� eld� linearly decreas-
ing, random, and linearly increasing� regarding the alkyne
reactant at chemical shifts of 2.9 (peak 1, eŠh panels) and 4.2
(peak 2, aŠd panels) ppm. The curves obtained from random
sequences (c, g panels) are more scattered than for linearly
increasing (d, h panels)27 and linearly decreasing sequences (b,
f panels), and we speculate that hardware may in� uence this, as
the NMR instrument was designed and calibrated for linear

sequences, whereas we randomized the sequence using a
nonuniform sampling method. Notice that two chemical
moieties on the same reactant display quantitative di� erences,
though both show di� erences; intermediates of the chemical
reaction may also contribute in ways that presently are
imperfectly understood, as we noted previously.27 Overall, the
ratio of the apparent di� usion coe� cient obtained by a
random sequence measurement, to that from linearly
increasing sequence measurement, is unity within experimental
uncertainty at all reaction times (a, e panels). One also notices
a tendency for a persistently slightly smaller di� usion
coe� cient for an alkyne peak at 4.2 and an azide peak at 3.8
ppm during the� rst 50 min, perhaps re� ecting the
concentration consumption during this interval of most rapid
reaction rate (Figure 2C). This was not observed for the ligand
peak 10, which is not consumed by this chemical reaction.

It is claimed that changes of catalyst concentration during a
chemical reaction can modify the relaxation time of reactants
so as to contribute signi� cantly as a nondi� usive signal
attenuation in a di� usion measurement,29 but this cannot be
the case for either catalyst molar abundance nor for abundance
of catalyst in the active oxidation state, as the reaction rate was
linear during the� rst 80 min of the data shown here. This
signi� es that the amount of active catalyst Cu(I) was constant,
so the remaining Cu(II) if any in the reaction should be
constant as well. There may be interesting transient shifts of
NMR peak intensityntensity, beyond the scope of this paper,
re� ecting changes of solution conditions such as pH, but these
changes are too slow to a� ect steady state during acquisition of
individual data points.

From the perspective of understanding how mistaken
interpretations might emerge, note that it is imperative to
optimize data acquisition parameters as the optimal pulse
parameters for di� erent chemical moieties may di� er. When

Figure 3.Di� usion data for the click reaction with slower kinetic conditions closer to those in ref29. Increased di� usion plotted against reaction
time for the alkyne reactant (A) and the azide reactant (B) with respective NMR peaks shown as insets. The time-dependent relative
concentrations of reactant and product (C) and the time-dependent reaction rate (D) appear to be close to those asserted in ref29. Pulse width =
9.65� s. Gradient length = 1100� s. Di� usion time = 50 ms. Relaxation delay time = 10 s. Reaction conditions: 250 mM reactant, 17.5 mM catalyst.
The PGSE NMR spectra were acquired using random pulse sequence as recommended in ref29.
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instrumental parameters fail to show a logarithmic attenuation
of intensity as a function of the magnetic� eld gradient in the
relevant range of measurements, conclusions from analyzing
those experiments will not be meaningful. The same data
acquisition parameters do not support meaningful analysis of
all peaks. Also it is helpful to select integration limits with care
because NMR peak positions may shift slightly during reaction
re� ecting transient changes of solution conditions.

One observes inFigure 3A (alkyne reactant) andFigure 3B
(azide reactant) that reactant di� usion was faster during the
reaction than after its completion, by factors from 1.2 to 1.3.
Figure 3C shows explicitly the kinetics of this reaction,
reactant, and product reactions plotted against time.Figure 3D
shows the reaction rate plotted against time� this number was
nearly constant for 150Š200 min, consistent with statements
in ref 29. It is evident that a boosted di� usion was observed
during the chemical reaction regardless of all these
considerations.

The reaction rate for the DielsŠAlder reaction in
acetonitrile, inferred from conventional one-dimensional
NMR, is plotted inFigure 4B. The proton peak assignments
in 1H NMR are shown inFigure 4C. Figure 4D shows the
excellent agreement obtained between magnetic� eld gradients
produced three di� erent ways� linearly increasing, linearly
decreasing, and random. The ratio of an apparent di� usion
coe� cient obtained by random sequence measurement to that
from a linearly increasing sequence measurement is unity
within experimental uncertainty at all reaction times (panel a).
An explicit plotting of the apparent di� usion normalized by

that at the end of reaction against reaction time using the three
methods, the raw data agree for linearly decreasing magnetic
� eld gradient (panel b), random magnetic� eld gradient (panel
c), and linearly increasing random� eld gradient (panel d).
Within the experimental uncertainty (5%, 4%, 3%), the
respective maximum values agree.

The DielsŠAlder reaction involves no metal catalyst, so an
argument based on supposed changes of the metal catalyst
concentration29 could not hold for this second example of a
chemical system in which PGSE NMR shows a boosted
di� usion during the chemical reaction. Moreover, molecules
undergoing a chemical reaction may display time-dependent
changes in relaxation time, unlike the case for equilibrium
systems. A useful safety check is to use progressively longer
recovery times (D1) to probe for any systematic artifact and
choose the shortest one that leads to a credible measurement.
In an earlier report we varied this quantity between 1.5 and 5 s,
observing that� ndings were indistinguishable with 5 and 10 s
delays.27

Synthesizing other experimental concerns gleaned from
surveying a long literature,10Š14,18,19,23Š25,30,31,33Š44 we note
that specialists are well-aware that other concerns about the
PGSE NMR method include the possibility of electrical eddy
currents caused by fast switching of the applied gradient
pulse,38,39 gradient� eld nonuniformity,40,41 and convection
currents caused by temperature gradients42,43 and chemical
reactions one of whose products is a gas.30,44 Eddy currents
usually are greatly reduced by the use of a shielded gradient
system but cannot be fully excluded, but as eddy currents

Figure 4.Di� usion data for the DielsŠAlder reaction compared using linearly increasing, linearly decreasing, and random sequences of magnetic
� elds. (A) Chemistry of this reaction. (B) Kinetics of this reaction, showing smoothed data for the conditions of ref27. (C) NMR spectra near the
start (10 min) and end (60 min) of reaction, showing the NMR peak assignments. (D) Comparisons of di� usion measurements of solvent peak (1
in C) from three methods. (a) Normalized to data obtained with linear-increasing magnetic� eld gradient, di� usion coe� cients measured with
random (circles) and linearly decreasing (triangles) magnetic� eld sequences are plotted against reaction time. (b) Normalized toDo at the end of
reaction, the di� usion coe� cient measured with a linearly decreasing magnetic� eld gradient is plotted against reaction time. Delay between scans is
varied: 3 s (open symbols), 5 s (half-� lled symbols), 10 s (� lled symbols). (c) Normalized toDo at the end of reaction, di� usion coe� cient
measured with random sequence of magnetic� eld gradient is plotted against reaction time. (d) Normalized toDo at the end of reaction, the
di� usion coe� cient measured with linearly increasing magnetic� eld gradient is plotted against reaction time (these data are taken from ref27).
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cannot be eliminated, it is reasonable that they may di� er
according to the sequence of magnetic� eld gradients
(increasing, decreasing, and random). This may explain why
we � nd a greater measurement scatter in the latter case.15 A
systematic error will result to the extent that the magnetic
gradient is not well-de� ned in the sample cylinder direction.

Helpfully for the analysis of data, temperature gradients and
gradient� eld nonuniformity commonly produce deviations
from the expected linearity of the intensity dependence on the
gradient� eld squared (Figure 1C). Moreover, as convection
amplitude increases with sample size, control experiments
using sample tubes of di� erent sizes help to check the
hypothetical possibility ofa macroscopic convection in
addition to the use of convection suppression pulses27,30,31,34,44

as we did previously to carefully choose a reaction system for
study.27 Helpfully for the identi� cation of the hypothetical
possibility that a reaction consumption might interfere with
satisfying the steady-state assumption needed for the data
analysis,15 note that the rate of reaction consumption is often
linear or power-law according to the reaction rate, unlike the
exponential decay due to gradient� eld, so the goodness of� t
to the linearity inFigure 1C serves as an additional safety
check. In fact, methods like a trilinear analysis17 work to
separate this reaction-induced intensity change from a
di� usion-induced signal attenuation. Measurements are most
robust for isolated, highly abundant peaks of a well-de� ned
shape, for which we� nd the standard deviation of reproducible
measurements to be 1Š2%. For overlapping peaks, we� nd that
the standard deviation can be as high as 30%.10,18 Hence,
especially when dealing with small e� ects, one should carefully
choose to study peaks of the former type to encourage credible
results and reliable comparisons.27

Experimental tests summarized in this paper underscore the
usefulness of PGSE NMR to study active molecular matter.
Summarizing experimental considerations and useful cross-
checks, and applying these methods to studying molecular
mobility in the click reaction system and in a DielsŠAlder
chemical reaction system, we con� rm the useful experimental
information that the order of magnetic� eld imposition
(linearly increasing, linearly decreasing, or randomized) is
immaterial. The proposition that molecules when they undergo
chemical reaction can behave as active matter generalizes the
perspective that mechanisms of even the simplest chemical
reactions may require rethinking.45
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