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ABSTRACT: Creating synthetic chemical systems which
emulate the complexity observed in cells relies on exploiting
chemical networks exhibiting nonlinear kinetic behavior. While
control over reaction complexity using synthetic gene
regulatory networks and DNA nanotechnology has developed
greatly, little control exists over small molecule reaction
networks. Toward this goal, we demonstrate a general
framework for inducing nonlinear kinetic behavior in dynamic
chemical networks based on molecules containing reversible
chemical bonds. Specifically, this strategy relies on constituent
species with differing thermodynamic stabilities that readily exchange components at rates that are faster than their formation
rates. Such nonlinear networks (NLN) readily lead to sigmoidal kinetic profiles as a function of the relative thermodynamic
stabilities of the constituent species. Furthermore, this behavior could be readily extended to more complex mixtures while
maintaining nonlinearity. The generality of this method opens the possibility to generate nonlinear networks using a broad range
of small molecule structures.

■ INTRODUCTION

Biochemical pathways consisting of interconnected reaction
networks generate complexity and lead to the emergence of
higher order functionality observed in living organisms. These
networks exhibit nonlinear kinetic features allowing the
temporal control over the appearance and disappearance of
different molecular entities.1−5 Current efforts toward emulat-
ing the complex kinetic behavior observed in cells make use of
synthetic biology approaches involving in particular synthetic
gene regulatory networks6,7 or DNA nanotechnology imple-
menting strand displacement reactions.8−10 The control over
small molecule network kinetic behavior is significantly less
advanced.11,12 One method for designing networks with
complex behavior is to identify reactions displaying nonlinear
kinetics, such as those exhibiting sigmoidal growth profiles,
which would allow for temporal programming of molecular
species in a network. For small organic molecules, such
reactions are rather limited and comprise asymmetric
amplification mechanisms with nonlinear effects13 and
autocatalytic mechanisms.14,15 Among this small set of
reactions, the majority either require a specific catalyst
(asymmetric amplification reactions) or a strict structural
design to induce the nonlinear behavior (autocatalytic
behavior). Additionally, many of the reactions are irreversible,
which prevents the incorporation into complex temporal
profiles such as oscillations and feedback loops.
Here, we propose an alternative design methodology, which

opens up a general method for achieving nonlinear kinetics and
temporal control across a broad range of substrates. This

methodology uses constitutional dynamic chemistry to create
chemical networks based on species that may interconvert by
virtue of reversible connections, either supramolecular inter-
actions or covalent bonds formed via reversible reactions.16,17

Dynamic covalent chemistry (DCC) rests on the imple-
mentation of reversible chemical reactions16 which may be
linked together forming chemical reaction networks displaying
adaptation behavior,18 information storage,19 and the ability to
couple with nonequilibrium environments.20 DCC systems
based on CN connections operate two different but linked
processes: bond formation from a carbonyl component and an
amino partner and component exchange. In this work, we
elucidate the operation of a general acid-catalyzed process
involving imine-type species that present different rates of
formation and of interconversion as well as different
thermodynamic stabilities. Acid catalysis induces rapid
exchange between two species allowing for the formation of
the thermodynamically more stable product first, followed by
the sigmoidal growth of the less stable one, regardless of which
species has the faster formation kinetics. More complex
behaviors are demonstrated for networks displaying temporal
separation, temporal cycling and linked kinetic evolution of
constituents.
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■ RESULTS AND DISCUSSION
Nonlinear network NLN1 was generated from the dynamic
covalent library (DCL)16 of two amines (4-butylaniline A and
4-dimethylaminoaniline A′), an aldehyde (4-nitrobenzaldehyde
B), and their respective imines (AB and A′B; Scheme 1). The

reaction kinetics upon mixing the amines and aldehydes were
followed by NMR and examined both individually and the
network arrangement of the DCL setup in acetonitrile under
acid catalysis. The individual formation rates for each imine
were determined to be 2.50 and 0.0529 M−1 s for AB and A′B,
respectively (10 mM solutions of A, A′, and B each in
acetonitrile with 10 mM DCl; Figure S1a,b), displaying a
difference of nearly 2 orders of magnitude, as a result of the
protonation of A′. Under the same conditions, the formation
rates in the dynamic network setup of the DCL (Figures 1b, S2,
and S3) lead to two striking changes in the kinetic profile: (1)
The fastest accumulating imine switched from AB to A′B. (2)
A sigmoidal growth profile was observed for imine AB
formation. The graphical rate plots21 (Figure S4) display the
formation rates versus the concentrations of the component
species. A linear dependence is observed with aldehyde B and
amine A′ while a nonlinear relationship is demonstrated with
amine A. A sigmoidal function was used to fit the formation
kinetics of imine AB:
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where the parameter n dictates the asymptotic height, or final
imine concentration, m controls the slope, or maximal rate of
imine formation, and t determines the onset delay, or lag time,
of the sigmoidal function. The initial sigmoidal fit gave the
values of n = 0.00571, m = 0.0043, and t = 796.89. Changing
the starting concentrations while holding the relative acid
content stable lead to a change in the sigmoidal response as
displayed in Figure 1c (8, 10, 12 mM; Figures 1c and S5). The
individual parameters, when plotted as a function of
concentration (Figure S6), demonstrate a linear increase in
the slope (m) and height (n) of the sigmoidal function as the
concentration is increased. In contrast, the change in lag time
(t) displayed a decrease with increasing concentration following
a power law dependence.
Next, the acid content was varied while the starting

concentrations were held constant at 10 mM. Drastic variations
in the sigmoidal function resulted from increasing the acid
content from 2.5 to 5, 7.5, 10, and 15 mM DCl (Figure 1d). At
15 mM DCl, the kinetics were fast enough that no appreciable
time lag could be observed. Successful sigmoidal fits were
performed for the rest of the tested conditions. The individual
parameters demonstrated a linear increase in the height (n), an
exponential increase in the slope (m), and an exponential
decrease in the lag time (t) (Figure S7). Changing the acid
content has a larger effect than changing the concentration on
the slope, m, or reaction rate, as exhibited by the exponential
relationships. Importantly, these results highlight the facility
with which the sigmoidal function may be controlled by altering
the concentrations of the starting species and the amount of
acid present.
Kinetic analysis supports a nonlinear mechanistic interpreta-

tion of the observed behavior for several reasons. First, the
formation of imine A′B occurs at a faster rate in the network
configuration than is observed under identical conditions in the

Scheme 1. Dynamic Covalent Library (DCL) Generating the
Nonlinear Network NLN1

Figure 1. (a) Individual formation rates for AB and A′B (10 mM each) under acidic conditions (10 mM DCl) in acetonitrile. (b) Formation rates of
AB and A′B in the network NLN1 of a mixture of A, A′, and B under the same conditions as in (a), leading to a sigmoidal rate profile in AB. (c)
Altering the concentration of the species or (d) the amount of acid (A and A′ kept at 10 mM) in solution leads to a control over the sigmoidal rate
profile for the formation of imine AB. (e) Comparative formation rate of A′B in the isolated and network NLN1 case. (f) Comparative rates of
formation (in the network) and exchange (separately determined). (g) Comparative overall imine formation rates at different stoichiometries. (h)
Network formation cycle based on the kinetics parameters observed for the reactions on the left.
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individual case (Figure 1e). Since these rates were observed
under identical concentrations of reactants and acid, the direct
formation from A′ and B cannot explain this increase in the
formation rate of imine A′B indicating that amine A must
participate in the mechanism of A′B formation and play a
catalytic role (see below).22 Second, an overlay of the network
formation rate A′B and the independently determined
exchange rate of A′ with imine AB (Figure 1f, 10 mM each
species, 2.5 mM DCl) demonstrated that the exchange process
occurs at a rate of 1.18 M−1 s, almost 2 orders of magnitude
faster than the imine formation rate of 0.0211 M−1 s under
identical conditions (Figure S9). This is a direct result of acid
catalysis, which is known to promote rapid imine exchange
rates that may otherwise proceed sluggishly in neutral
conditions.23 Third, by monitoring the total imine formation
kinetics (Figure 1g), a linear combination of the formation of
AB and A′B, one does not observe a clear switch in the rate at
any point. Otherwise, two regimes should be apparent, one for
the formation of AB and the other for the formation of A′B.
Importantly, this means that as the rate of formation of A′B
begins to plateau, the rate of formation of AB increases at an
equivalent rate indicating a link in the mechanism between the
appearances of the two species. This was consistently observed
even with differing stoichiometric ratios of the component
amines and aldehydes. Additionally, an experiment under the
same conditions but containing 10 mM D2O demonstrated
only a slight retardation of the network formation rate, but
showed no influence on the nonlinear behavior of the network
(Figure S9). This rules out the in situ formation of water,
produced during the course of imine formation, as the cause of
the sigmoidal behavior.
The proposed cyclic mechanism describing network NLN1 is

depicted in Figure 1h and explains the observed nonlinear
kinetic behavior. Imine AB has the fastest formation kinetics
and therefore forms first in solution. However, under acid
catalysis (involving imine activation by protonation) the imine
exchange reaction between AB and A′ proceeds rapidly
allowing for the formation of A′B and the subsequent release
of A from the intermediate aminal AA′B. The driving force for
the accumulation of A′B over AB is due to the increased
thermodynamic stability of the push−pull imine A′B in
comparison with imine AB. As the production of A′B begins
to slow, AB is allowed to accumulate leading to the sigmoidal
kinetics.
The generality of this mechanism was demonstrated by

examining networks based on a DCL of constituents containing
reversible CN bonds of three types with different
thermodynamic stabilities: hydrazone, acylhydrazone and
imine in order of decreasing stability (Scheme 2).24 NLN2
was constructed from three components, 4-butylaniline (A),
benzhydrazide (H), and 4-butylbenzaldehyde (B) giving the
hydrazone HB and imine AB. In contrast with NLN1, the
formation rates for HB and AB were similar (Figure S10).

Kinetic experiments with a 1:1:1 mixture of H/A/B (8 mM
each with 10% DCl in acetonitrile) displayed the formation of
only acylhydrazone HB (Figure 2a). This confirms that HB is

more stable than AB, while the suppression of the less stable
imine AB highlights the presence of very fast exchange
processes because the formation rates are similar. When the
stoichiometry was changed to 1:1:2 H/A/B, we observed the
formation of HB as well as the sigmoidal growth of imine AB
(Figure 2b). The same nonlinear behavior was observed for
NLN3, consisting of H′B and AB (using phenylhydrazine, H′;
Figure 2c) as well as NLN4, consisting of H′B and HB (Figure
2d). In each case, the thermodynamically more stable species is
formed first, followed by the less stable one. As with NLN1, by
changing the amount of acid in solution, the sigmoidal profile
could be altered (NLN2, Figure 2e and S11). The processes
implemented in the generation of NLN2 follow the kinetic
cycles displayed in Figure 2f which emphasize that the
formation of HB is due to both direct formation from H and
B as well as exchange between AB and H. This behavior
highlights that the generality of designing nonlinear networks
necessitates (1) the formation of reversible chemical species
with nonequivalent thermodynamic stabilities undergoing (2)
rapid exchange between the two species at rates much larger
than the formation rates, thereby allowing the formation of the
thermodynamic product first, followed by the less stable one.
Furthermore, there is no need for a fast and slow forming imine
as perhaps seemed apparent from NLN1. The ability to

Scheme 2. Relative Thermodynamic Stabilities of the Three
Reversible CN Linkages: Hydrazone H′B, Acylhydrazone
HB, and Imine AB

Figure 2. Behavior of different nonlinear networks of increasing
complexity. (a) Formation kinetics of NLN2 at 1:1:1 (8 mM, 10%
DCl) and (b) at 1:1:2 (H/A/B; 5 mM, 10% DCl) stoichiometric
ratios. Similar kinetic profiles were also observed for the networks (c)
NLN3 implementing 1:1:2 H′/A/B (10 mM, 5% DCl) as well as (d)
NLN4 with 1:1:2 H′/H/B (10 mM, 5% DCl). (e) Control over the
sigmoidal profile of NLN2 (1:1:2 case b) by altering the acid content
from 10 to 2.5%. (f) Network NLN2 formation cycles based on the
kinetics parameters observed for the reactions on the right.
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undergo rapid imine exchange (here due to acid catalysis) is the
decisive factor.
Starting with these basic nonlinear networks, additional

complexity may be built into the system. Here, we demonstrate
three methods to achieve higher order complexity. First, the
temporal separation of all three of the species depicted in
Scheme 2 is realized. Using a four-component DCL consisting
of 10 mM A, 10 mM H, 10 mM H′, and 30 mM B (0.5 mM
DCl) leads to the sequential appearance of the three species in
order of thermodynamic stability (Figure 3a, NLN5): The

initial growth of H′B is followed by the sigmoidal growth of
HB and then the sigmoidal growth of AB. The corresponding
mechanistic interconnected reaction cycles (Figure 3b) consist
of a set of six reversible reactions: three formation reactions
leading to AB, HB, and H′B and three exchange reactions
between AB/HB, AB/H′B, and HB/H′B. On the basis of the
above results, the observed behavior may be explained by the
faster exchange kinetics as compared to the individual
formation kinetics so that the order of appearance corresponds
to the thermodynamic stabilities of the three species.
Second, temporal cycling of the nonlinear networks is

achieved by altering the stoichiometry in time (Figure 4).
Starting with NLN2 in a 1:1:2 H/A/B stoichiometry (5 mM
H/5 mM A/10 mM B; 0.25 mM DCl) gave the familiar profile
observed above. The addition of a second equivalent of H at
2233 s leads to the rapid suppression of AB and a concomitant
increase in species HB (Figure 4a). Taking this process one
step further, starting with a 1:1:3 H/A/B solution (5 mM H/5
mM A/15 mM B; 0.25 mM DCl), once again one observes the
familiar nonlinear profile, however, upon the addition of one
equivalent of H at 3023 s the suppression of AB is followed by
the subsequent sigmoidal recovery of AB (Figure 4b).
Importantly, this course is due to the faster exchange reaction
between H and AB as compared to the direct reaction of H

with free B. The thus newly liberated A then reacts with free B
reforming AB with sigmoidal kinetics. Addition of a further
equivalent of H at 6158 s leads to complete suppression of AB.
These results clearly demonstrate the ability to restart the
kinetic cycle in Figure 2f through the subsequent addition of H
in the presence of excess B. The observed behavior highlights
the importance of constructing networks through reversible
bonds, which can easily continue to react with nonlinear
behavior without being confined to a thermodynamic sink. This
temporal control over the appearance of chemical species is an
important first step toward building complex reaction circuits.
Third, linked kinetic evolution is realized by implementing a

four-imine nonlinear network (NLN6) based on the DCL
obtained by addition of 4-butylbenzaldehyde B′ to the DCL of
network NLN1 (10 mM each species with 1 equiv, 10 mM,
acid). The kinetic rate profiles display dual sigmoidal shape for
the formation of imines AB and AB′ (Figure 5a,b)

demonstrating the possibility of creating parallel nonlinear
kinetic networks. The network graph is shown in Figure 5c and
displays two cycles connected through amine A, where cycle 1
is the same as NLN1 described above and cycle 2 is constructed
through the formation and exchange of imines AB′ and A′B′.
From the figure, it is clear that cycle 1 initiates the process, due

Figure 3. Behavior of the four-component (H, H′, A, B; 1:1:1:3)
nonlinear network NLN5. (a) Kinetic profile demonstrating the
temporal control through the nonlinear mechanism over the
appearance of the species H′B, then HB, and finally AB. (b)
Mechanistic cycles demonstrating the interconnected reactions
(shown on the right) in the network (exchange 2 left out for visual
clarity) leading to the nonlinear response.

Figure 4. Temporal control over the reaction kinetics of the three
component (H, A, B) network NLN2 upon component addition. (a)
Addition of one equivalent of H to a NLN2 1:1:2 (H/A/B) mixture
and (b) two sequential additions of one equivalent of H to a 1:1:3 (H/
A/B) mixture.

Figure 5. (a) Kinetic profiles for the formation of four constituents
AB, AB′, A′B, and A′B′ within the network NLN6 with 10 mM
starting concentrations of each species with 10 mM DCl displaying
dual nonlinear shapes for the generation of AB and AB′. (b)
Magnification of the initial 600 s of network formation. (c) Network
graph representing the linked kinetic evolution of the formation of the
four dynamic constituents involving component A as mechanistic hub.
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to the faster reacting aldehyde B (4-nitrobenzaldehyde). As
detailed above, imine A′B is formed first, followed by the
sigmoidal accumulation of AB. Cycle 2 lags slightly behind
cycle 1, yet nevertheless displays concurrent sigmoidal behavior,
with the initial formation of the exchange product A′B′
followed by the sigmoidal rise of species AB′. In both cycles,
the acid-catalyzed imine exchange takes place with amine A′ to
give exchange products A′B and A′B′ which are thermody-
namically favored due to the electron-donating dimethylamino
group. The initial rise of these two imines is followed by the
sigmoidal accumulation of their respective agonist imines AB′
and AB. The distributions of the four imines with respect to
different time points highlights the kinetic complexity which is
available with a rather simple chemical system. For example,
after 68 s we observe 77% A′B/23% AB which shifts to 61%
A′B/18% AB/12% A′B′/9% AB′ after 178 s and finally to 22%
A′B/41% AB/11% A′B′/26% AB′ after 3468 s.

■ CONCLUSION

In conclusion, we have demonstrated the implementation of
nonlinear kinetics into chemical reaction networks. Such
behavior may be induced in DCC systems based on chemical
bonds formed by reversible reactions presenting coupled steps,
wherein the formation rates of the individual constituents are
slower than the rates of component exchange between them
and the constituents present different stabilities. It is thus even
the case for such an apparently simple process as imine
formation and exchange. It offers a general strategy that should
be readily adaptable to not just constitutional variations of the
members of the DCLs described here but also the wide toolbox
of available dynamic covalent bonds as well as to supra-
molecular interactions. This work represents a step in the
implementation of kinetic features in complex network
behavior.25 Beyond small molecules and a single dynamic
link, multifunctional molecules open processes of higher
complexity presenting features such as feedback or oscillatory
behavior, operating through thermodynamically and kinetically
complex molecular networks.26,27
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