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Abstract: Fueled chemical systems have considerable functional potential that is still
largely unexplored. Here, we report a new approach to transient amide bond formation
and use it to harness chemical energy and convert it to mechanical motion by
integrating dissipative self-assembly and the Marangoni effect in a source-sink system.
Droplets are formed through dissipative self-assembly following the reaction of
octylamine with 2,3-dimethylmaleic anhydride. The resulting amides are hydrolytically
labile making the droplets transient, which allows them to act as a source of octylamine.
A sink for octylamine was created by placing a drop of oleic acid on the air-water
interface. This source — sink system sets up a gradient in surface tension, which gives
rise to a macroscopic Marangoni flow that can transport the droplets in solution with
tunable speed. Carbodiimides can fuel this motion by converting diacid waste back to
anhydride. This study shows how fueling at the molecular level can, via assembly at
the supramolecular level, lead to liquid flow at the macroscopic level.
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Introduction

Life is a far-from-equilibrium system where the maintenance of structures and
performance of functions are powered by consumption of energy!. Energy stored in
small molecules can be converted to work on a much larger length scale: for example,
microtubules use the energy of guanosine triphosphate to separate chromosomes
through a mechanical force?. In recent years chemists are becoming increasingly
interested in synthetic non-equilibrium systems to better understand non-equilibrium
processes in life and to design systems with specific functions?. This interest has given
rise to the field of dissipative self-assembly*®, which has focused on transient
structures and associated properties with programmable lifetimes-1°, Structures in
states that rely on a continuous input of energy bridge chemical and biological self-
assembly?°, however, they are incompletely understood and remain difficult to design?*.
It is challenging to channel energy in a productive way and avoid direct dissipation into
heat. In addition, relatively few chemical reactions are available that readily allow for
a fueled bond making and breaking cycle. It is also difficult to design systems that go
beyond assembly and exhibit more advanced emergent properties??, such as structural
change?3?4 or oscillations?>2, Coupling dissipative self-assembly with mechanical
processes could be a promising path toward new emergent behavior®.

Chemical energy can drive motion to give rise to dynamic patterns, and perform
work in (bio)molecular motors?’?8 and in active matter?®. Energy stored in molecules
can directly be converted to mechanical motion through chemical reactions in
chemically powered motors®®. Concentration gradients are also widely applied for
powering motion, such as diffusiophoretic transport at the fluid-solid interface®' and
Marangoni effects that displace a liquid drop on solid surfaces®? or in liquid®334 or move

objects at an air/liquid interface3-3’. When a surface tension gradient is developed by



a concentration gradient, Marangoni convection will transport mass to areas of higher
surface tension®. Such Marangoni effects can be magnified by depletion of surfactant
through crystallization3?, supramolecular interaction®, or a light-induced chemical
reaction to increase the gradient in surface tension*'. Most studies focus on the
conversion of free energy into motion without involving structural changes to the
molecules in the system. We reasoned that it should be possible to broaden the scope
of Marangoni convection systems by chemical fueling. This approach would unify
dissipative self-assembly and Marangoni motion within a self-organized network.
Dissipative chemistry may offer a feasible method to control Marangoni convection by
tuning and sustaining its underlying driving force.

Herein, we introduce a new approach to dissipative amide chemistry to produce
transient droplets based on chemically fueled self-assembly. These droplets act as a
source of surfactant to produce Marangoni convection in a source-sink system. The
droplets are formed from the reaction of 2,3-dimethylmaleic anhydride (1a) with
octylamine (2) and followed by co-assembly of amphiphilic maleamic acid (3a; reaction
product) and remaining (or re-formed) octylamine (Figure 1a). The amide bond in the
maleamic acid is hydrolysable, which makes the droplets transient and causes the
continuous release of octylamine. The amide-based droplets are regenerable by
adding a chemical fuel (i.e. anhydride or carbodiimide reagent) (Figure 1la). These
droplets are transported towards an oleic acid droplet placed on the air/water interface,
that acts as a sink for octylamine. Transport is driven by Marangoni fluid convection
(Figure 1b,c). Thus, the dynamic instability of the amide-based droplets is converted
into a gradient of octylamine surfactant at the air-water interface, which leads to a
surface tension gradient that gives rise to a Marangoni instability. This study couples

dissipative self-assembly to macroscopic fluid flows.
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Figure 1. a) Dissipative self-assembly of amide-based droplets. Droplets are formed
after a chemical reaction (I) followed by co-assembly of amide product 3 and amine 2
(I1). Amide hydrolysis leads to the disintegration of the droplets (I1I). Upon the addition
of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), diacid 4 is converted back
into cyclic anhydride 1 (IV), which can enter into another
reaction/assembly/hydrolysis/disintegration cycle. b) EDC-fueled Marangoni
convection in a source-sink system (side view), where an oleic acid droplet (top right)
captures the octylamine released from the amide-based droplets to generate a
concentration gradient of surfactant at the air/water interface that is sustained as long
as the amine continues to be released. c) Schematic presentation (top view) of the

transport of an amide-based droplet (in the dashed circle) towards the oleic acid (yellow



area in the middle). The gray circle indicates the area where movement occurs, where
the length scale (d = 2 mm, determined by microscopic observation) is at least a

thousand times larger than the size of an amide-based droplet.

Dissipative co-assembly of coacervate-like droplets

Dispersing octylamine (2, 30 mM) in an aqueous solution containing sodium
borate (50 mM, pH 8.2), gave rise to an almost transparent mixture (Figure S2).
However, upon adding 2,3-dimethylmaleic anhydride (1a, 30 mM) followed by shaking
by hand for ~60 s, the turbidity of the above solution increased substantially (Figure
S2), resulting from the formation of microdroplets (Figure S3). Analysis by cryogenic
transmission electron microscopy (cryo-TEM) during the early stages of growth shows
a uniform structure inside the droplets (Figure 2a). These droplets were found to
coalesce (Figure S3), suggesting that also the larger droplets are similarly uniform.
The thus formed droplets have a size of ~2.5 ym, which is much larger than the droplets
formed upon dispersing octylamine (Figure 2b). 'H-NMR analysis (Figure S4a)
confirmed that in the resulting samples amide bonds had formed, which result from the
condensation between amine and anhydride*?. MS analysis confirmed that 3a is the
main product (Figure Sb5).

An apparent critical concentration of 3a for the formation of droplets in the mixture
made from la and 2 is about 7 mM (Figure S10). However, when pure 3a (30 mM)
was directly dissolved in sodium borate (50 mM, pH 8.2) solution, no droplet formation
was observed, and droplets only appeared after adding 2 (Figure 2c and Figure S12).
These results suggest that the liquid-liquid phase separation occurs from the
spontaneous co-assembly of 3a and 2, reminiscent of complex coacervate formation*.
The zeta potentials of the pure octylamine and amide droplets are +15 mV and -98 mV,

respectively (Figure 2d), indicating that the surface of the amide-based droplets mainly



consists of carboxylate groups which outnumber the positive charges from the amine
groups. The amide-based droplets are capable of taking up negatively charged calcein
(Figure 3e) and positively charged acriflavine (Figure S13), confirming the catanionic

nature of these droplets*.
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Figure 2. a) Cryo-TEM image capturing the early phase of amide-based droplet
formation upon mixing 2 (30 mM) with 1a (30 mM) in an aqueous solution containing



sodium borate (50 mM, pH 8.2). b) Size distribution of the amide-based droplets in (a)
upon longer incubation and octylamine droplets prepared by dispersing 2 (30 mM) in
an aqueous solution containing sodium borate (50 mM, pH 8.2). ¢) Change of the
turbidity of the 3a (30 mM) solution containing sodium borate (50 mM, pH 8.2) before
and after adding 2 (6.0 mM) as indicated by the dashed line. The insets are photos of
the corresponding solutions. d) Zeta potential of the amide-based droplets in (a). Error
bars represent standard deviations (n=3). e) Fluorescence of Nile red (1.0 uM) in the
presence of amide-based or octylamine droplets in (b). Nile red in the above aqueous
solution was used as control. f) Production of 3a from 2 (12 mM) and 1a (12.7 mM) in
an aqueous solution containing sodium borate (50 mM, pH 8.2) in the absence (gray
line) or presence (black line) of pre-prepared amide-based droplets (prepared from 2
(30 mM) and 1a (30 mM)). The concentration was measured by UPLC after diluting the
samples in DMF immediately prior to analysis. Shaded areas show the standard
deviation (n=3).

When a hydrophobic probe (Nile red) was added to the amide-based droplets, its
fluorescence maximum shifted to a lower wavelength (Figure 2e) compared to Nile red
in water, indicative of a relatively hydrophobic microenvironment (albeit less
hydrophobic than that provided by octylamine), indicating that the amide droplets also
bind hydrophobic substrates.

The rate of formation of 3a was enhanced upon addition of pre-prepared amide
droplets (Figure 2f). This behavior is reminiscent of an autocatalytic process. We
speculate that the amide-based droplets enhance the dissolution of 1a to promote the
condensation reaction, with concomitant droplet growth, similar to the phenomenon of
autopoiesis®.

The amide bond in 3a is labile and readily hydrolyses to release 2 (Figure S4b).

Such rapid hydrolysis is unusual for amide bonds and has been attributed to the



neighboring carboxylic acid catalyzing the hydrolysis through anchimeric assistance?®.
This effect is most pronounced for amides derived from 2,3-dimethylmaleic anhydride.

Surprisingly, the turbidity of the mixture made from 2 and 1a first increased, then
showed a rapid decrease, then increased again, and finally vanished permanently
(Figure 3a). The generated 3a does not follow the same trend, but only showed a
buildup followed by a decrease (Figure 3b). This behavior can be explained
considering that amide-based droplets form by co-assembly of amide and amine.
Initially droplets form as the amide concentration increases, but only as long as there
is still amine present as well. When amide formation progresses further, amine
becomes depleted and the droplets disappear. They re-appear as amide starts to
hydrolyze, generating, once again, a mixture of amine and amide. Once all amide has
hydrolyzed, the droplet finally vanish for good. The
formation/destruction/formation/destruction dynamics of the droplets is mirrored in the
way droplet size changes with time (Figure 3c). The timescale of the dynamics was
found to depend on the concentration of 1a: when this concentration was increased
from 35 mM to 45 mM, the timescale was reduced by a factor of about 4 (Figure 3b).
We ascribe the strong sensitivity to concentration to the diacid that is generated upon
hydrolysis of 3a; a more acidic medium enhances the rate of hydrolysis®. In
conclusion: due to the antergic relationship between 3a and 2, the droplets show a
quite unusual non-linear behavior, which sets them apart from most other fueled

dropletst’-1°,
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Figure 3. Time-dependent change of the (a) turbidity (b) concentration of 3a
determined by UPLC analysis in a mixture of 2 (30 mM) and 1a (35 or 45 mM) in an
aqueous solution containing sodium borate buffer (50 mM, pH 8.2). The inset in (b)
shows the data points used to estimate the difference in the rate of hydrolysis of 3a at
different concentrations of 1a. Shaded areas show the standard deviation (n=2 in panel
a; n=3 in panel b). c) Time-dependent change of the size of the amide-based droplets
prepared by mixing 2 (30 mM) and la (45 mM) in an aqueous solution containing
sodium borate (50 mM, pH 8.2). Time-dependent change of the (d) turbidity and (e)
concentration of 3a in the mixture prepared by mixing 2 (30 mM) and 1a (45 mM) in an
aqueous solution containing sodium borate (50 mM, pH 8.2). The arrows indicate the
time points when EDC-HCI (60 mM) was added. Shaded areas in (a), (b), and (d) show
the standard deviation. Confocal micrographs of amide droplets prepared as for (c) but
now also in the presence of calcein (5.0 uM; added as disodium salt) after incubation
for (f) 15 min, (g) 30 min, and (h) 40 min. i) Confocal micrograph of (h) after adding
EDC (30 mM) and incubating for 5 min.

The amide-based droplets can be regenerated after the addition of the second
batch of 1a (Figure S15). Alternatively, in order to re-cycle all the structural components
of the system, EDC can be used to regenerate the anhydride from the diacid product®’.
When EDC hydrochloride (EDC-HCI, 60 mM; this worked better than the “free” EDC

allowing for more cycles before fatigue sets in; see Figure S18) was added to the clear
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solution (pH ~5.0) where the amide-based droplets were no longer detectable, the
solution became turbid again due to the renewed formation of droplets (Figure 3d,
Figure S16). NMR analysis showed that EDC can induce the formation of amide by
converting diacid 4a back to anhydride 1a which then reacts with 2 (Figure S17a). The
double pulse that was observed in Figure 3a did not occur upon EDC fueling, as the
rate at which EDC produces la is not fast enough to deplete all octylamine before it
is regenerated through hydrolysis of 3a. As expected, after the EDC had been
consumed, the turbidity decreases again (Figure 3d), due to the hydrolysis of the amide
(Figure S17b and Figure 3e). When a second aliquot of EDC was added to the system
(pH ~6.0), 3a was again formed efficiently and droplets re-appeared. This EDC-fueled
regeneration can be repeated at least 5 times (Figure 3d,e).

Guest molecules can be sequestered by the amide-based droplets upon EDC-
fueled transient self-assembly, as evident from the confocal microscopy images using
calcein as a guest (Figure 3f-i). Upon the disintegration of the droplets calcein is
released into the medium (Figure 3h), but taken up again in the new droplets that form

upon adding another aliquot of EDC (Figure 3i).

Droplet transport by chemically fueled macroscopic flow

A source-sink approach has been widely used to construct interactive droplet
systems*®4°, Having established that the amide-based droplets form transiently and
constitute a source of amine surfactant 2 we proceeded by adding a localized sink for
this surfactant, by placing a large droplet of oleic acid (0.2 pL) on the surface of the
sample. In the resulting source-sink system (prepared using 35 mM 1a), the amide-
based droplets close to the surface started to move toward the oleic acid droplet, while

the droplets further away from the surface below the focal plane were moving in the
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opposite direction (Video S1), suggesting convective hydrodynamic flow. The initial
average speed at which the amide-based droplets travelled was of the order of 700 ym
st over a length scale of several millimeters. Motion lasted for about 30 min.

In order to probe the importance of the labile character of amide 3a for the
observed behavior, we performed control experiments using droplets prepared by
mixing methylsuccinic anhydride (1b) and 2 (Figure S19). These droplets contained
amide 3b, which is a non-hydrolysable analogue of 3a. In the presence of an oleic
acid droplet, they induce motion with a considerably slower average speed of ~100 uym
s, and for a considerably shorter period of time (halting after ~20 s; Video S2),
compared to the droplets based on the hydrolysable amide. These results imply that
the motion is fueled by the amide hydrolysis process.

The observed chemically fueled motion most likely occurs through the following
mechanism: octylamine 2 (protonated) is a surfactant and will assemble at the air-
water interface so that its nonpolar alkyl chains are removed from the aqueous
environment. The adsorption of 2 at the water surface reduces the surface tension (see
model analysis in the SlI). The amide droplets are capable of releasing 2 during
hydrolysis, which would normally lead to formation of a uniform monolayer at the
air/water interface. However, when a droplet of oleic acid is added to the surface, it will
act as a sink, sequestering 2. Therefore, the surface concentration of 2 close to the
oleic acid droplet will be lower than further away, resulting in surface tension gradient
(the surface tension will decrease radially with the distance from the oleic acid droplet).
Such surface tension gradients are well known to cause convective fluid flow
(Marangoni flow) from sites with a low surface tension to sites with a high surface
tension®. This results in the flow of the amide droplets near the air-water interface

towards the oleic acid on the water surface. In order to balance the fluid level across
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the sample a counter-current will develop further away from the surface, so that the
system will develop a convection cell, analogous to Rayleigh—-Bénard convection
where order emerges from flow driven by a temperature gradient®.

The validity of this mechanism was supported by the agreement of experimental
observations with the qualitative features (recirculation; Figure 4a) obtained using a
computational model of the proposed convection mechanism. The model includes
surfactant production from a source and sequestration by a sink (for details see Sl) to
produce a surface tension gradient that furnished a driving force. Higher rates of
surfactant production and sequestration leads to an increased gradient in surface
tension, which, in turn, leads to an increased flow speed (Figure S20). Similar
tendencies were also observed in the experimental systems. When amide droplets with
higher (prepared in 45 mM 1la instead of 30 mM) or lower (prepared at an elevated pH
of 8.8 instead of 8.2) hydrolysis rate were used (Figure S20), the average speed
increased (Video S3) or decreased (Video S4), respectively (Figure 4b).

Further support for the role of oleic acid as a sink comes from the observation
that the speed of motion decreased as the oleic acid became saturated with 2 (Video
S5, the same sample as in Video S1). However, it recovered when new oleic acid was
added (Video S6). Support for the role of the amide as a source comes from the
observation that the Marangoni flow stops when the amides are all hydrolyzed, even
in the presence of fresh oleic acid. No motion of polystyrene microspheres trackers
was observed under these conditions (Video S7). A control experiment was performed
to show that these microspheres are in principle suitable to monitor the flow in these
systems: when a droplet of oleic acid was placed on an aqueous solution containing 2
and polystyrene microspheres, the latter are initially transported with an average speed

of ~300 ym s*1(Video S8), but motion stops already after ~30 s (Video S9). In this case,

13



the initially transparent oleic acid droplet quickly became cloudy, most likely due to the
capture of a large amount of 2 from the surrounding solution. The concentration
gradient of 2 would thus fade fast. The relatively gradual release of 2 from the amide
droplets is an efficient way to sustain the concentration gradient to power the

Marangoni flow.
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Figure 4. a) Stream plot of a simulated Marangoni flow in a cavity geometry. The color
scale indicates the speed of the flow in mm s1. The system was modelled using a rate
of amine formation of S = 0.1 s and with a sequestration efficiency I = 0.5. For
behavior at other values of S and I'; see Figure S20. b) Speed of motion averaged over
5 amide-based droplets prepared using different concentrations of 1a or initial pH when
approaching oleic acid. Error bars show the standard deviation. ¢) Time-dependence
of the speed of motion of the droplets prepared using the same condition as Fig 3d.
The arrows indicate the time points when EDC-HCI (60 mM) was added. Shaded areas
show the standard deviation (n=5). Representative frames showing (d) the small
amide-based droplets while they are moving towards the oleic acid droplet; (e) the
same system after the amide-based droplets had dissolved, and (f) amide droplets

after being regenerated by addition of EDC.
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The hydrodynamic flow benefits from the presence of the amide-based droplets.
As we showed above, EDC-fueled self-assembly can regenerate these droplets from
spent reactants. Hence EDC should be able to fuel the Marangoni flow. As shown in
Figure 4c and 4d, the amide droplets prepared from 2 (30 mM) and (1a, 45 mM) in an
aqueous solution containing sodium borate (50 mM, pH 8.2) show motion for ~15 min
after adding oleic acid (Video S10, Figure 4c), and the speed of movement decreased
once the droplets had largely disintegrated (Figure 4e). We found that, upon
regenerating the amide droplets by adding EDC-HCI, fast droplet movement occurred
after adding oleic acid, as in the initial system (Figure 4c,f, Video S11). The EDC-fueled

onset of motion was repeated another 4 times (see Video S12-15).

Conclusions

In summary, transient amide-based droplets were developed through the
integration of a dissipative reaction cycle and self-assembly. The coacervate-like
droplets were formed by co-assembly of starting amine and transient amide. The fact
that the starting amine is liberated again upon amide hydrolysis gives rise to unusual
dynamics: a double pulse of droplets arises from a single addition of reactants. These
dynamic materials were used as a component in the design of a chemically fueled
Marangoni flow system where the droplets fulfill the role of a surfactant-storing and
releasing subsystem. Coupling it to a spatially localized sink for the same surfactant,
in the form of a droplet of oleic acid on the sample surface, establishes a gradient of
surfactant coverage of the air-water interface, giving rise to a gradient in surface
tension. The latter drives a macroscopic Marangoni flow, which transports the amide
droplets that are partially responsible for establishing this gradient. The system can be

re-charged and flow re-started by addition of EDC which re-activates spent reagents.
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This work couples molecular scale bond formation and breakage, via microscale

dissipative self-assembled structures to macroscale fluid dynamics and provides a

strategy to use dissipative chemistry for the design of chemical engines®. The rich

dynamic behavior of droplet formation (double pulses), the ability of the droplets to

promote their own formation, the ability to take up and release guest molecules, and

induce motion, together with the surfactant components also makes this system a

promising protocell model*2. Finally, the underlying dynamic amide chemistry

broadens the scope of dynamic covalent bonds that can be applied in dissipative

systems chemistry®354,
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