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Self-regulating materials require embedded control systems. Active
networks of enzymes fulfill this function in living organisms, and the
development of chemical controls for synthetic systems is still in its
infancy. While previous work has focused on enzymatic controls,
small-molecule networks have unexplored potential. We describe
a simple small-molecule network that is able to produce transient
pH cycles with tunable lagtimes and lifetimes, based on coupling
the acid-to-alkali methylene glycol-sulfite reaction to 1,3-propane-
sultone, a slow acid generator. Applied to transient pH-driven
supramolecular self-assembly of a perylene diimide, our system
matches the flexibility of in vitro enzymatic systems, including the
ability to perform repeated cycles of assembly and disassembly.

Living systems are embedded with active controls that trigger
adaptive responses to stimuli. This ability spans length scales
from whole organisms to networks of molecules in the cytoplasm.
While engineers can readily embed active controls into electro-
mechanical systems, embedded control of materials is in its
infancy. The control of transient self-assembly is a necessary step
in this direction."™

Networks of enzymes are the primary agents of regulation
within living cells. Thanks to their evolved selectivity and a vast
number of biological networks to inform design, they are the
logical starting point for the design of chemical controls.
Enzymatic networks in living cells perform an astonishing
variety of tasks, including energy transduction, mechanical
force generation, sensing, and signalling. Their use in synthetic
materials has so far been focused on the control of self-
assembly.”” In the case of pH-driven assembly,® networks
based on the competition between urease (base-generator)
and glucose oxidase (acid-generator), have been applied for
the transient pH-driven assembly of micelles,’ the formation of
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peptide-'® and nucleic acid-based hydrogels'* and the control
of polymeric nanoreactors."

These enzymatic networks display a good degree of control
over both the lag- and the life-time of the pH change. They can
also sustain a number of cycles, each triggered by the external
addition of a substrate or “fuel”. Typical disadvantages, how-
ever, include a limited range of operating conditions, stability,
and scalability. The development of enzyme-free control net-
works is highly relevant for materials programming.

Control networks based on small molecules have great
potential for the design of programmable active materials,
but they are still under-explored.’**® The best example is given
by the Belousov-Zhabotinski (BZ) reaction,'®'” one of the few
batch chemical oscillators known, which has been used to generate
autonomous chemo-mechanical oscillations in gels and other
polymer systems.'® Nevertheless, it works in a relatively narrow
range of conditions, and additional components can have
unpredictable effects on its nonlinear dynamics."’

Clock reactions®® are a family of relatively simple and
robust reaction networks. As in situ generators of pH and
redox stimuli, they are useful for the time-control of self-
assembly.”®>'2* Most of the available clocks provide a one-
time switch, e.g. from acidic to basic pH, after a lagtime. In
presence of a counteracting stimulus, such as an acid generator,
the pH change can be made transient ie. a lifetime can be
introduced.

Here, we achieve control over transient supramolecular assembly
with a small-molecule network that matches the flexibility of
enzymatic analogs (Fig. 1). In particular, we control the lag- and
life-time of pH-responsive assemblies, and demonstrate the genera-
tion of repeated cycles. To do so, we introduce 1,3-propanesultone
(PrS) to counteract the output of the methylene glycol-sulfite (MGS)
clock reaction.

The methylene glycol-sulfite (MGS) clock reaction generates
a sudden, intense change in pH from acidic (pH ~ 5.5) to
alkaline (pH ~ 10.5). Its mechanism has been investigated in
detail®® and can be summarized by eqn (1)-(3). In dilute
aqueous solutions, formaldehyde CH,O is in equilibrium with
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Fig. 1 Schematic representation of the transient assembly of a pH-
responsive perylene diimide (red and orange disks), triggered by the
methylene glycol-sulfite (MGS) clock and reversed by acid generation
from 1,3-propanesultone (PrS). From the beginning, the system'’s compo-
nents (the MGS clock, the PrS and the perylene diimide building block) are
all mixed together.

its hydration product methylene glycol (MG) CH,(OH),
(eqn (1)):

CH,O + H,0 = CH,(OH), 1)

Formaldehyde then reacts with sulfite SO;>~ producing hydroxy-
methanesulfonate HOCH,SO;~ and hydroxyl ions OH™ (eqn (2)).
The latter are rapidly scavenged by bisulfite HSO; ™, buffering the
pH and generating sulfite at the same time (eqn (3)), thus the
reaction is autoaccelerating.

CH,0 + SO;>~ = HOCH,SO; + OH™ (2)
HSO;  + OH  — SO;>” + H,0 (3)

For a fixed sulfite-bisulfite ratio, the lagtime can be varied
by tuning the initial methylene glycol concentration. This
pH change can be made transient by coupling the MGS clock
with an in situ acid generator such as a lactone®® (Table S1,
ESIt)."*?” Lactones are the cyclic esters of carboxylic acids, with
an enhanced tendency toward hydrolysis driven by the release
of ring strain.”® Among lactones, S-gluconolactone (GL) has
risen to the forefront thanks to its non-toxicity, water solubility,
availability, and the relatively low pK, (3.86) of its hydrolysis
product, gluconic acid. This approach was recently applied*’
to control the reversible assembly and disassembly of micelles
and colloids, as well as the swelling/shrinking of a pH-responsive
hydrogel. However, so far only one short-lived pH pulse has been
demonstrated, due to the fast hydrolysis of GL (Fig. S1, ESIt).

Sultones are the cyclic esters of hydroxysulfonic acids; they
are important sulfoalkylating reagents with applications ranging
from the synthesis of medicinal compounds to the industrial
preparation of surfactants.*® 1,3-Propanesultone dissolves in
water (solubility 0.1 g mL™"), with which it slowly reacts (kp,s =
13.0 x 10~ ®s™!, corresponding to a 14.8 h half-life)*'*? yielding
1-hydroxypropanesulfonic acid (eqn (4)). Because the product is
a strong acid (pK, 1.53), the hydrolysis of PrS is essentially
independent of the hydrogen ion concentration. The reaction at
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alkaline pH (eqn (5)) is faster but the half-life is still of the order
of hours.*

RN 9

=0 Kprs Il
S\/O + H,0 - HO\/\/ﬁ—OH (4)

Kprs o)

Q o

Ne) Kprs oH n o

S\ + %H HO _~_- SI_ o (5)

O Kprs oH IO

Conversely, hydrolysis of §-gluconolactone is fast** (kg =
1 x 107* s7") and even faster at alkaline pH** (kgL on =
4 x 10* M~ ' s71). Its coupling with the MGS clock produces
exceedingly short transient lifetimes (of the order of seconds)
and reduces the maximum pH increase (ApH) which can be
achieved (Fig. Sla, ESIf). Moreover, because GL is quickly
consumed, it cannot sustain semi-batch cycles (Fig. S1b, ESIT).
These challenges are expected to be even more pronounced for
other lactones (Table S1, ESIT). As we will see, these differences
in hydrolytic behavior between GL and PrS have dramatic
downstream consequences.

We start the “clock” by adding methylene glycol (MG),
together with 1,3-propanesultone (PrS), to a solution containing
50 mM sodium bisulfite NaHSO; and 5 mM sodium sulfite
Na,S0;. The concentration of MG is varied from 75 mM to
500 mM, while that of PrS is between 300 mM and 10 mM. We
define the lagtime as the time before the pH increase, and the
transient state lifetime as the time spent by the system between
the pH increase to above 10 and its decrease back to pH 7.

Lag- and life-time can be tuned independently of each other,
as shown in Fig. 2. The lagtime is defined by the MG concen-
tration and can be extended up to 100 s (Fig. 2A), while the
lifetime depends on the concentration of PrS and spans a much
broader interval, from minutes to hours (Fig. 2B). The pH in the
transient state is stable, and the maximum pH is unaffected by
all but the highest concentration (300 mM) of PrS.

Let us now compare the effects of GL and PrS on the MGS
clock (Fig. 2B and Fig. S1a, ESIt). For the same concentration of
cyclic ester, e.g. 20 mM, the lifetime is about 1.7 h with PrS
while it is only 12 s with GL. Moreover, with PrS the initial pH
increase matches the full swing of the bare MGS clock, while
with GL the pH increase is reduced to a half.

Lag- and life-time are independent from each other in the
MGS-PrS system, and the mechanism for this transient pH
cycle can be understood in simple terms. The MGS clock
generates a sudden burst of hydroxyl ions OH™, which are
slowly scavenged by PrS (eqn (5)). The time required to
neutralize this base corresponds to the transient lifetime. Then,
the pH drops rapidly due to the low pK, of the acid product of
PrS hydrolysis (eqn (4)). However, if the pH is brought back to
alkaline by the external addition of sodium hydroxide NaOH,
stable and sustained semi-batch cycles can be obtained (Fig. 3).
This is because only a small amount of 1,3-propanesultone
(ca. 5.5 mM, determined by pH titration) is consumed during
each pH cycle. Such results are impossible to achieve with
d-gluconolactone (Fig. S1b, ESIt).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Transient pH profiles obtained by coupling the methylene glycol-
sulfite (MGS) clock with 1,3-propanesultone (PrS). (A) Lagtime control. The
concentration of MG is changed from 75 mM to 500 mM while that of
PrS is kept at 100 mM (the dashed lines are the reactions without PrS).
(B) Lifetime control. The concentration of MG is kept at 200 mM while that
of PrS is varied from 10 mM to 300 mM.
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Fig. 3 Repeated pH cycles obtained with the MGS—PrS system. The initial
pH increase is generated by the MGS clock, the successive ones by
external additions (black arrows) of 2 M NaOH. The final volume increase
is negligible (<5%). Cycles of 7.5 + 0.5 min, 21 £ 3 min, 49 + 1 min and
165 + 42 min were obtained, respectively with 200, 100, 50 and 20 mM
PrS. A kink, associated to the onset of PrS hydrolysis (egn (4)), becomes
apparent at pH 7 for PrS < 20 mM.
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In our system, the MGS clock is responsible only for the
initial pH increase and the lagtime; it does not influence the
lifetime, which depends only on the ring-opening kinetics of
PrS. This independence has been confirmed by control experi-
ments, in which 100 mM PrS were added either to the products
of the MGS clock (sodium hydroxymethanesulfonate and OH ™,
eqn (2)) or to an inert electrolyte with adjusted pH (sodium
perchlorate NaClO, and NaOH) (Fig. S2, ESIf). Because the
obtained pH-time curves and lifetimes showed no relevant
difference compared to those of the MGS-PrS system, we
concluded that only the concentrations of PrS and OH™ are
governing their behavior.

The transient pH features of the above-described MGS-PrS
system can be directly applied to control self-assembly.
To demonstrate it, we chose the assembly of a pH-responsive
perylene diimide, (N,N'-diisopropylethyleneamine)-perylene-
3,4:9,10-tetracarboxylic acid diimide or “PDIamine” (eqn (6)).
The pH-responsiveness of PDIamine derives from its tertiary
amine groups (pK, 6.5): at pH < 6.5, the electrostatic repulsion
introduced by their protonation overcomes the n—m intermolecular
attractive forces between the hydrophobic perylene cores,* while
increasing the pH above 6.5 leads to the formation of supramole-
cular aggregates, which can be redissolved by bringing the pH
back to acidic (Fig. 4A).
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We dissolved PDIamine at a 25 (M concentration in the sulfite-
bisulfite solution (pH 5.5). The clock was then started by the
coincident addition of methylene glycol and 1,3-propanesultone
(final concentrations: 200 mM MG, 100 mM PrS). The pH increase
led to PDlamine deprotonation, reflected by a sudden color
change from dark pink to yellow (Fig. 4A and Movie S1, ESIt)
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Fig. 4 Transient assembly of perylene diimide particles enabled by the MGS—
PrS system (200 mM MG, 100 mM PrS). (A) Schematic representation and
experimental photographic sequence. (B) Evolution of pH and absorbance over
time. (C) Evolution of hydrodynamic radius (DLS) over time. (D) Repeated pH
and self-assembly cycles fueled by external addition of NaOH (black arrows).
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and the disappearance of the absorption peak at 500 nm in the
UV-vis spectrum (Fig. 4B and Fig. S3a, ESIf). Dynamic light
scattering (DLS, Fig. 4C) demonstrated that these changes are
associated with the formation of micron-sized supramolecular
assemblies, which scanning electron microscopy (SEM, Fig. S4,
ESIt) revealed to be made of rod-shaped structures, a morphology
typical of PDI derivatives. Stirring of the reaction mixture acceler-
ated the precipitation of macroscopic aggregates (Movie S1, ESIY).
A more detailed study of this self-assembly process might reveal
additional layers of complexity.*®

The subsequent disassembly process was controlled by the
hydrolysis of PrS. A pH decrease to 4.5 resulted in the sudden
dissolution of the supramolecular assemblies (Fig. 4C) and was
accompanied by the reappearance of the absorption at 500 nm
(Fig. S3b, ESIf). Notably, the overall pH evolution was not
affected by the presence of the PDIamine building block,
demonstrating that it is possible to obtain macroscopic self-
assembly without impacting on the molecular control network.”
Eventually, as showed in Fig. 4D, periodic cycles of assembly and
disassembly were obtained under semi-batch conditions by restoring
the pH to alkaline with controlled additions of NaOH.

Conclusions

We have demonstrated control over transient and cyclic supra-
molecular self-assembly with an embedded small-molecule net-
work, based on the coupling of an acid-to-alkaline clock reaction
with a slow acid generator. In the short term, our network should
be applied to other pH-sensitive systems, including dissipative gel
structures with dynamic covalent bonds. Extending the dynamic
range of lagtimes of the MGS reaction beyond 100 s remains an
open challenge. Also for this reason, it is worth studying the
application of PrS to other chemical clocks, such as the bromate-
sulfite reaction.”” In the long run, we expect that small-molecule
networks embedded in synthetic active materials may be able to
mimic the complex regulatory functions that enzymatic networks
perform within living materials.
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