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ABSTRACT: The intellectual community focused on nanomotors has recently Speeds compared

become interested in extending these concepts to individual molecules. Here, we [ 1 1 1
study a chemical reaction according to whose mechanism some intermediate species
should speed up while others slow down in predictable ways, if the nanomotor
hypothesis of boosted diffusion holds. Accordingly, we scrutinize the absolute
diffusion coefficient (D) during intermediate steps of the catalytic cycle for the
CuAAC reaction (copper-catalyzed azide-alkyne cycloaddition click reaction), using
proton pulsed field-gradient nuclear magnetic resonance to discriminate between the
diffusion of various reaction intermediates. We observe time-dependent diffusion that
is enhanced for some intermediate molecular species and depressed for those whose size increases owing to complex
formation. These findings point to the failure of the conventional Stokes—Einstein equation to fully explain diffusivity during
chemical reaction. Without attempting a firm explanation, this paper highlights aspects of the physics of chemical reactions

that are imperfectly understood and presents systematic data that can be used to assess hypotheses.
KEYWORDS: boosted diffusion, NMR, click reaction, intermediates, nanomotor

he intellectual community focused on nanomotors is
motivated by the deep intellectual problems of non-
equilibrium nanoscale transport that increasingly offers
the promise of practical applications.'”” In parallel, it was
proposed that enzymes can function as nanomotors, also
offering practical applications from using enzymes as materials
to direct pumps and other active motion.*~"> This chain of
logic naturally extends to asking if common (non-enzymatic)
chemical reactions might show related features of non-
equilibrium transport. The idea, proposed long ago by Sen
and co-workers,"* was supported recently by a study from this
laboratory of several common chemical reactions.'* As this
concept appears to violate the Stokes—Einstein relation in
which diffusivity depends (at fixed temperature and solution
viscosity) only on molecular size,'” there is understandable
skepticism.'® In this paper, we put the hypothesis to direct test
by studying a chemical reaction whose known intermediate
steps imply predictable changes of molecular diffusivity. If the
molecule-as-nanomotor hypothesis holds, then one should
observe enhanced diffusion when reactants react chemically,
but this should be accompanied by slower diffusion when
reactants combine with catalysts to form intermediate reaction
complexes of larger size.
Beyond its interesting feature of possessing multiple
intermediates whose diffusivity can be discriminated, the
reasons we selected the click reaction for study are twofold.
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The first reason is technical: a wide range of catalyst and
reagent concentrations exist that give reactions sufficiently slow
to use the pulsed-field NMR technique while satisfying the
quasi-steady-state approximation that concentration changes
are negligible during the 3—5 min needed to measure each
datum.'®"” The second reason is that click reactions are
exceptionally useful and simple to implement with high
product yield."*™** Our earlier study of molecular diffusivity
during the click reaction and several other common chemical
reactions was based on two independent experimental
methods, a microfluidics design and pulsed field-gradient
NMR (PFG-NMR),'*'” but we did not consider the
intermediate reaction steps’>>* and our analysis involved
normalized data rather than its absolute values. Here,
inspecting a wider range of reagent stoichiometry, we focus
on absolute values of diffusion coefficients and on how the
mobility of intermediates in the catalytic cycle correlates with

the extent of reaction. As our original publications'*'” were
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Figure 1. Intermediate steps involving the alkyne reagent, which is the first portion of the click reaction cycle. (A) Net click reaction. The
protons measured in this paper by pulsed field-gradient NMR are indicated by numbers (1), (2), (3), and (5); ascorbate peaks (4) were
reported on previously.'* (B) Summary of steps leading from alkyne and Cu(I) catalyst to reactive acetylide complex. (C) Reaction rate
(right ordinate) and ratio of peak intensity of protons (2) and (1) (left ordinate) are plotted against time for alkyne:azide = 0.83 (75:90
mM), where reaction rate is calculated from the change rate of the product concentration. (D) Time-dependent total alkyne concentration
(species i + ii + iii indicated in panel B); concentration of neat alkyne and Cu-alk (i + ii), concentration of 2Cu-alk (iii), and product
concentration are plotted for the same reaction as panel (C). The horizontal dotted line represents the circumstance of no reaction (no
added CuSO,). (E) Diffusion coefficients are plotted against time for protons (1) and (2) with alkyne:azide = 0.83 (left panel, 75:90 mM)
and alkyne:azide = 1.67 (right panel, 125:75 mM). The horizontal dotted line shows D; with no reaction (no added CuSO,). (F) Diffusion
coefficient of 2Cu-alk for the situations of azide excess (top panel) and alkyne excess (bottom panel) where D, ¢, ., calculated as described
in the text, is averaged from 3 independent experiments with adjacent point averaging to obtain each plotted datum. The dotted line shows
the final diffusion coefficient of proton (2) from panel (E). In the data panels, the vertical black arrows show time when the reaction

completes.

26

followed by technical Comments®>*® about the NMR
technique, to which our 8published Replies explain the reasons
for our disagreement,””*® those matters are not pursued in this
paper. The findings presented here highlight the twin
influences of hydrodynamic radius changes, and reaction-

induced boosted diffusion.

RESULTS AND DISCUSSION

With proton NMR spectra illustrated in Figure S1, we vary the
reactant stoichiometric ratio as this highlights the respective
influence of each reactant on diffusion during intermediate
steps of the reaction. The net reaction that describes the
CuAAC reaction, copper-catalyzed azide-alkyne cycloaddition
(Figure 1A), has seen much work devoted in recent years to
isolate intermediate products.””*°

Alkyne Reagent. At the start, Cu(Il) ion is reduced to
Cu(I) by ascorbic acid. Alkyne reagent (i) complexes with
[CuL,] to form the intermediate Cu-alk (ii), then subsequently
with another [CuL,] to form a reactive intermediate 2Cu-alk
(iii), where the notation L denotes a variety of possible ligands
and the literature considers water, ascorbate, and other alkyne
molecules to be candidates. The ligand complex is proposed to
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rearrange rapidly.’’ The terminal alkyne proton is present in
(i) and (ii) but not in (iii), which means that NMR can
discriminate them. These intermediate steps are summarized
schematically in Figure 1B.

The NMR experiments give the intensity change of
individual peaks, from which the intensity ratio of proton
(2) and proton (1) (Figure 1C) and the time-dependent
concentrations of different molecules species (Figure 1D) can
be deduced. The NMR measurements also give Dpyqton(1) and
Dproton(2) (Figure 1E).

Alkyne is the limiting reagent for the stoichiometry alkyne/
azide = 0.83, but it is in excess for alkyne/azide = 1.67.
Accordingly, all alkyne is converted to 2Cu-alk in the first case,
but in the second case, the final state is a mixture of 2Cu-alk
and unreacted alkyne. Diffusivity of unreacted alkyne cannot
be measured unfortunately, as all of its peaks overlap with
those of intermediate steps of the reaction sequence.
Interestingly, the intensity ratio of proton (2) and proton
(1) is not identically 2 as it would be for the pristine alkyne
reagent, but is time-dependent because the 2Cu-alk has no
terminal proton (1). Complexation with copper catalyst
produces an intermediate of larger molar mass and
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Figure 2. Intermediate steps during which azide reactant adds to copper-alkyne complex, 2Cu-alk. (A) Schematic summary of these reactions
steps, ending in product. (B) Time-dependent concentrations of azide and product for alkyne:azide = 0.83, for the same reaction condition
as in Figure 1. (C) Time-dependent diffusion coefficient D,,;4. deduced from proton (3). The horizontal dotted line is D,,;4. with no reaction

(no added CuSO,). (D) Time-dependent diffusion coefficient D,

product

deduced from proton (5). (E) Comparing boosted diffusion to

reaction rate. Top panel: time-dependent ratio, D,,;4., normalized to its value without added CuSO,, for the same reaction condition as in
panel (C) (filled symbols) and for alkyne:azide = 0.83 (250:300 mM; dotted lines) with the latter data taken under the same conditions as in
ref 28. Bottom panel: time-dependent reaction rates for the same experiments whose diffusivity is reported in the top panel. Vertical black

arrows denote time when the reaction completes.

consequently larger hydrodynamic volume, giving progressively
slower diffusion coefficients of alkyne protons (2) (i + ii + iii)
and (1) (i + ii).

The molar masses of pristine alkyne (i), Cu-alk (ii), and
2Cu-alk (iii) are 56, 120, and 182 g'mol_l, respectively. From
this, the effective radii R ~ 0.28, 0.36, and 0.42 nm,
respectively, are estimated as the cube root of the molar
volume implied by the molar mass and density 0.972 g-cm™.
From the Stokes—Einstein equation, D = kzT/6anR, the
inverse dependence on R then predicts diffusion coeflicients
650 and 560 um*s™' for the Cu-alk and 2Cu-alk complexes,
respectively. While these estimates are qualitative as they
ignore solvation and approximate the complex molecular
shapes as having a single radius, it is evident that there must be
a trend toward slower diffusion owing to larger size. In fact, the
trend is underestimated by this estimate as it ignores ligand
binding, which must further raise the size of the complex. The
apparent diffusion coefficient measured during the reaction is
considered to be D of each of these species weighted by its
molar concentration.

The assumption of independent variables (reasonable
because the overall concentration of all species is low)
specifies D,y This argument yields Dy, even larger
than for the pristine alkyne in the absence of reaction (dotted
line in Figure 1E) regardless of whether azide or alkyne is in
excess (Figure 1F). Scrutinizing this data, one sees that, while
D,coak appears to increase monotonically when azide is
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present in excess, there is a maximum when alkyne is in excess.
The maximum D, occurs at roughly the time when the
reaction rate is most rapid (Figure S2A). The residual alkyne
after reaction completion exists as a form of 2Cu-alk; this
complex is believed to experience fast degenerate rearrange-
ment.”' The baseline value of 2Cu-alk varies according to the
reactant stoichiometric ratio (Figure S3A) because the ratio of
alkyne and Cu in the 2Cu-alk complex can be different.*”
Consistent with stoichiometric differences, the final diffusion
coefficient is faster when the final state contains unreacted
alkyne (~900 pm>s™') than when it contains alkyne
completed with Cu (~800 um?s™"'). This analysis of alkyne
diffusion supersedes that in earlier papers from this laboratory
in which consequences of complexation with the catalyst were
not considered,"”'” but the qualitative conclusion is
unaffected. We conclude that D,c, . is more rapid than
anticipated from its geometrical size.

Azide Reagent. We now consider azide, the reagent that,
according to the accepted reaction scheme,”* adds to the
reactive 2Cu-alk complex. This is followed by several short-
lived transition states, then a triazolide complex of product
with [CuL,], and finally the pure reaction product. These
intermediates are summarized schematically in Figure 2A. We
mapped the concentrations of azide and product as a function
of time under conditions of azide excess (Figure 2B). In Figure
2C, one sees that D of azide increases during reaction and
reverts after reaction to its value in the absence of catalyst. To
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Figure 3. Illustrative fits to the Stejskal—Tanner equation for the azide peak, proton (3), under the condition of excess azide concentration
(Alk/Azi = 0.83). Red lines through the data show linear regression under the circumstance of (A) no reaction (no CuSO, added) and (B)
the time of maximum reaction rate. In each panel, the bottom graphs show the residuals to linear regression fit (circles). When these slopes
are forced to be 2% larger (crosses) and 2% smaller (triangles) the residuals are systematically worse.

find that the magnitude of boosted diffusion hardly depends on
reactant concentration is reminiscent of our earlier finding that
it hardly depends on catalyst concentration either.'*

Figure 2E shows that the peak relative increase of D4,
the same in this experiment as we observed in an early study
where the reactant concentration was substantially higher'*'”
(see figure caption). This peak coincides, in both instances,
with the time when peak reaction rate was observed.

As a devil’s advocate might question the quality of raw data,
we call attention to the excellent agreement with the standard
model to extract the diffusion coefficient from field gradient
NMR data, the Stejskal—Tanner equation.”” In this model, a
plot of NMR peak intensity against calibrated magnetic field
gradient on semi-log scales is linear with a slope that specifies
the translational diffusion coefficient. For the azide peak of the
CuAAC reaction, the illustrations in Figure 3 of linear
regression to the data have the correlation coefficient >
0.999. Moreover, residuals to these fits worsen systematically
when the slope is forced to be 2% larger or smaller.

Boosted azide diffusion is also measured when alkyne is in
stoichiometric excess (Figure S3B). In this case, boosted
diffusion persists during the reaction instead of returning to the
baseline as shown for azide excess. Because the remaining small
amounts of azide are all involved in the reaction near the
reaction completion stage, it is reasonable that their diffusion
remains boosted. Moreover, Dpq increases with azide in
excess (Figure 2D). This is confirmed with alkyne in
stoichiometric excess (Figure S4A).

It would be legitimate to inquire if the azide reactant might
aggregate (before reaction) into clusters broken down by
chemical reaction. If so, this alternative mechanism could
indeed rationalize the maximum we observe (Figure 2) in its
diffusion coefficient, but aggregation of this molecule is not
expected physically and the diffusion coefficient D ~ 770 yum®

s7! calculated with the radius inferred from the molecular

‘was

14950

density is close to the experimental measurement without
reaction, D ~ 800 um>s™'. These arguments do not support
the aggregation hypothesis.

Product. An increase of Dj,;o4, is expected from a smaller
size when product dissociates from the Cu catalyst. The
diffusion coefficient calculated from the hydrodynamic size of
the triazole complex, using HyperChem 8.0°* and HYDRO-
PRO™ software, is 476 um*s™' (Figure SS), which is close to
the initial data point. It is intriguing that product dissociation
occurs so slowly. The D g saturates roughly after passing
the maximum reaction rate (Figure S4B). This may be because
protonation of the triazole complex becomes more favorable
when 2Cu-alk forms by deprotonation.

CONCLUSION

The underlying molecular mechanism leading to more rapid
diffusion is not known, but the experiments presented above
are self-consistent. Consistent conclusions emerge not only for
the CuAAC reaction that constitutes the subject of this paper
but also for other chemical reactions'* and various catalytic
enzymes.’® Instrumental methods include not only pulsed field
gradient NMR' but also microfluidics,"**”*® fluorescence
correlation spectroscopy,”®*’ and dynamic light scattering.*
Elsewhere, in the Supporting Information to our first
publication on the CuAAC reaction,'* we discussed that
temperature, viscosity changes, and convection are not
believed to be consistent with this data. The present findings,
that diffusion of some intermediates speeds up during reaction
while that of others slows down, further support this. Observed
in multiple chemical systems using multiple experimental
methods, these robust experimental findings present a
challenge about the physics of chemical reactions that remains
to be understood.

In seeking possible physical mechanisms of why enhanced
diffusion may correlate with reaction rate, theoretical models
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have begun to appear.””*" Upon surveying the literature, we

suggest that too little is understood about intramolecular
energy flow in which a fast, local component of intramolecular
relaxation may be augmented by slower, possibly weaker
relaxation.*”** Classical Marcus theory*** considers one-
dimensional passage between two potential energy wells while
all other degrees of freedom are considered, by assumption, to
be a random thermal background; it does not deal with the
energetics of solvent reorganization, which we conjecture likely
to be the crux of this problem. The available spectroscopy
experiments focus on using high-energy femtosecond pulses
that probe transition states, while slower, lower-energy
processes are not measured by the usual ultrafast techniques.
However, restructuring of solvent molecules in response to
dynamic changes of electric polarization has been noted
repeatedly.”™* Progress in this area has been impeded by the
paucity of experimental and simulation methods capable of
exploring slower reorganization than is technically accessible
using usual ultrafast laser spectroscopy.

In fact, a growing body of literature considers solvent
restructuring during chemical reactions. Orr-Ewing and co-
workers have discussed these issues comprehensively.””™>* In a
similar spirit, organic chemists are well aware that reaction
rates change according to the solvent.> * Innovative
computational and experimental methods continue to be
introduced.’®*” On physical grounds, tentatively, we consider
it likely that chemical reactions produce electrified polarization
of solvent molecules that solvate the molecules that react, thus
providing a mechanism that funnels the rapid (fs) energy
release of electronic rearrangement to slower, persistent
reorganization of these larger and more diffuse solvation
structures. Such reorganization would proceed in multiple
steps, corresponding to multiple steps of electronic rearrange-
ment. If this scenario were to hold, one might expect the
shapes of solvation shells to wriggle and writhe. Generating
propulsion by a kind of swimming, a continuous slow action,
could result. Accompanying these processes, the surrounding
hydrogen bond network must also adjust to the chemical
reaction, and this too may be slow.

Elsewhere, we discussed that local steps of boosted motion
accompanied by reorientations from rotational Brownian
diffusion would produce a random walk with an effective
diffusion coefficient larger than that from just Brownian
motion, and we showed plausibility of this argument by
comparison with data for catalytic enzymes whose turnover
frequency is known.”””® Unfortunately, there is no simple way
to make a similar comparison for the CuAAC reaction as not
enough is yet understood about how to define turnover rate
during catalytic cycles.”® Other factors are also likely to
contribute, among them changing solvation layers according to
the different lifetimes of the intermediate species of the
chemical reaction. Without attempting a firm explanation, this
paper highlights systematic data that can be used to assess
hypotheses.

METHODS

Our experimental methods are described in the Supporting
Information. Proton NMR spectra illustrated in Figure S1 allow
multiple protons to be discriminated. The Supporting Information to
our first publication on the CuAAC reaction analyzed heat flow from
different molecules at different times in the CuAAC reaction using
computer simulations and found no support to explain these diffusion
data based on a convection hypothesis.

After finding the optimal measurement parameters (relaxation
delay time, gradient length, diffusion time), data were collected and
analyzed by a home-built code written in IDL (Interactive Data
Language).
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