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have been paid for by the Royal Society
of Chemistry In biology, cells regulate the function of molecules using catalytic reaction cycles that convert reagents with
high chemical potential (fuel) to waste molecules. Inspired by biology, synthetic analogs of such chemical
reaction cycles have been devised, and a widely used catalytic reaction cycle uses carboxylates as catalysts
to accelerate the hydration of carbodiimides. The cycle is versatile and easy to use, so it is widely applied to
regulate motors, pumps, self-assembly, and phase separation. However, the cycle suffers from side
reactions, especially the formation of N-acylurea. In catalytic reaction cycles, side reactions are
disastrous as they decrease the fuel's efficiency and, more importantly, destroy the molecular machinery
or assembling molecules. Therefore, this work tested how to suppress N-acylurea by screening
precursor concentration, its structure, carbodiimide structure, additives, temperature, and pH. It turned
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Accepted 16th October 2023 out that the combination of low temperature, low pH, and 10% pyridine as a fraction of the fuel could
significantly suppress the N-acylurea side product and keep the reaction cycle highly effective to
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Introduction

Chemical reaction networks that catalyze the conversion of
a reagent with high chemical potential (fuels) into lower-
chemical-potential “waste” molecules are used to power the
cells' molecular machinery or molecular assembly. The ATP-
driven ATPase pump and GTP-driven dynamic assembly of
tubulin into microtubules are prototypical examples.' Inspired
by such biomolecular machinery, reaction cycles that catalyti-
cally convert fuels into waste have been devised to power
synthetic molecular machineries like the dynamic assembly of
fibers driven by the hydrolysis of methylating agents* or the
rotation of a molecular motor catalyzed by the hydration of
carbodiimides.® In these reaction cycles, two chemical reactions
operate simultaneously: (1) an activation reaction is the reaction
between the high chemical potential (which we call fuel) and
a catalyst, which activates the catalyst, and (2) a deactivation
reaction that reverts the activated catalyst to its original state
(Scheme 1A). The free energy released by the two reactions can
be used to operate molecular machinery or to regulate self-
assembly. For example, suppose the activated catalyst can self-
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fueled reaction cycles to regulate molecular function and how to choose optimal conditions.

assemble in its short lifetime. In that case, the corresponding
assemblies are dynamic because their building blocks are
constantly exchanged with freshly activated building blocks.
These exchange dynamics result in Kkinetically controlled
assemblies vastly different from their in-equilibrium counter-
parts. Similarly, if the activated catalyst can undergo a supra-
molecular interaction, the chemical fuel can power
supramolecular machinery like pumps or motors.

Our group and the Hartley group introduced a particularly
powerful reaction cycle driven by the hydration of carbodiimide-
based fuels (Scheme 1B).*® In the activation, the carbodiimide
fuel activates a carboxylate-containing catalyst, for example, by
converting it into its corresponding anhydride. The anhydride
spontaneously hydrolyzes in the deactivation. Thus, the
carboxylate catalyzes the hydration of the carbodiimide fuel to
its corresponding urea waste by transiently becoming an acti-
vated catalyst in the form of an anhydride. The carbodiimide-
fueled reaction cycle has gained widespread attention. It is
frequently used to regulate the phase separation of complex
coacervate- and oil-based droplets,®** the formation of macro-
cycles,”**' the aggregation of nanoparticles," the formation of
vesicles and tubes,’**® the self-assembly of peptides into
fibers,*'**° the crystallization of amino acids,* and the cross-
linking of polymer networks.?®> More recently, the cycle was
used to drive molecular motors and regulate molecular
pumps,*>** and control DNA folding.**

Despite its success, the carbodiimide-driven reaction cycle
has drawbacks. Most prominently are side reactions that arise
from the intermediate O-acylurea state—after the reaction

Chem. Sci., 2023, 14, 12653-12660 | 12653


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc04281b&domain=pdf&date_stamp=2023-11-10
http://orcid.org/0000-0002-0545-6395
http://orcid.org/0000-0002-5823-0314
http://orcid.org/0000-0003-3803-4225
http://orcid.org/0000-0002-9126-2430
https://doi.org/10.1039/d3sc04281b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc04281b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014044

Open Access Article. Published on 17 October 2023. Downloaded on 3/8/2026 10:27:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

A. Chemically fueled reaction cycles:

Activated
Catalyst

Assembly /
Molecular machine

R?
NCN

Catalyst Assembly /

Molecular machine
in deactivated state

B. Carbodiimide-driven reaction cycle:

View Article Online

Edge Article
C. Pathways of O-acylurea:
Nucleophile £
JN\ - — s p A B

Wanted product

o R!
o 'N
PN I g H,0 o
f o L e eou + M o
i H R” 0O @
R7 0O H®
Catalyst H - :
Fuel Waste Fuel Waste ] H . i | O-N arrangement
\\ 'C\N'Rz D i SE——————

Activated
Catalyst

Scheme 1 Simplified representation of (A) chemically fueled reaction cycles used to regulate self-assembly or molecular machinery, (B) our
carbodiimide-fueled reaction cycle to form anhydrides, and (C) pathways of the intermediate O-acylurea.

between the carbodiimide and the catalyst, this short-lived
species is formed* and reacts in three pathways (Scheme 1C).
Firstly, it reacts with a nucleophile like a carboxylate to form the
desired activated catalyst. Secondly, the O-acylurea can hydro-
lyze by reacting with water which means the catalyst is recov-
ered without performing its function, i.e., inefficient fuel use.
Lastly, the O-acylurea undergoes an intramolecular O-N
arrangement, yielding its corresponding N-acylurea.**>*® This
reaction is irreversible; thus, forming N-acylurea decreases the
fuel's efficiency and irreversibly destroys the catalyst, ie., the
side reaction poisons the catalyst. The latter reaction is disas-
trous for chemically fueled reaction cycles. In context, even if
only 5% of converted fuel yielded the N-acylurea, 99% of the
catalyst would be poisoned after it undergoes 100 activation—
deactivation cycles (0.95'%° = 0.59%). The elegance of chemi-
cally fueled biomolecular machinery is that it can run thou-
sands of cycles. For synthetic molecular machinery to live up to
these levels, catalyst poisoning through side reactions must be
understood and suppressed.

Our previous research mainly utilized aspartates and succi-
nates as catalysts, which possess a second carboxylate in prox-
imity, leading to the formation of a 5-membered anhydride.**®
In these reaction cycles, the intramolecular cyclization reaction
was rapid, resulting in the absence of N-acylurea formation.
Additionally, we also investigated reaction cycles involving
catalysts with only one carboxylate to form NHS esters, inter-
molecular anhydrides and oxazolones.*** In all those reaction
cycles, N-acylurea is formed. We tried either by using a high
fuel-to-catalyst ratio or adding a significant amount of pyridine
as an additive to suppress this side product. However, a quan-
titative understanding or a general rule of the extent to which
parameters such as pH, temperature, additives, carbodiimide
structures, and catalyst structures can suppress N-acylurea has
not been established. Therefore, in this work, we tested how
simple parameters could be varied to suppress any side reaction
in the popular carbodiimide-fueled reaction cycle. The
concentration and the structure of the catalyst, the structure of
the carbodiimides, the presence of additives, and environ-
mental conditions like temperature and pH were all screened
using a kinetic analysis to suppress unwanted N-acylurea and
increase the yield of the main product. Our work provides
guidelines for using carbodiimide-fueled reaction cycles to
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regulate molecular function by choosing the optimal condi-
tions. We apply these guidelines to a case study and show that
the difference between optimal conditions and sub-optimal
conditions can be the difference between chemically fueled
assemblies or not.

Results and discussion

In our reaction cycle, we used propionic acid (C3) as a catalyst
because it forms a symmetric anhydride that does not self-
assemble. We used the C; in 200 mM MES buffer at pH 6 at
21 °C in all experiments unless stated differently. First, we
studied the effect of the fuel on the formation of the N-acylurea
side product. We initiated the reaction cycle by adding 15 mM
EDC, CMC, or DIC to 75 mM C; (EDC = 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, CMC = N-cyclohexyl-N-(2-
morpholinoethyl)carbodiimide methyl-p-toluenesulfonate, DIC
= N,N-diisopropylcarbodiimide). After 24 hours, we measured
the amount of catalyst that had disappeared by analytical HPLC.
We assume here that the formation of the N-acylurea is the only
pathway by which the precursor is irreversibly converted. Put
differently, the concentration N-acylurea is equal to the
concentration precursor lost. CMC formed the largest amount
of unwanted N-acylurea (53%, as expressed in the amount of
fuel used to make N-acylurea), and EDC ranked second with
a value of 33% (Fig. 1A). DIC showed the least formation of N-
acylurea (17%). Because of DIC's poor water solubility, we
focused the rest of this study on EDC.

One pathway to suppressing N-acylurea formation is to
ensure the O-acylurea is as short-lived as possible. The O-acy-
lurea lifetime can be decreased by increasing the precursor
concentration or adding additives like pyridine.** Increasing the
catalyst (C;) concentration increased the nucleophile concen-
tration, making O-acylurea more vulnerable towards being
attacked by a second catalyst and resulting in less N-acylurea
and higher desired product anhydride. Hence, we first studied
the effect of precursor concentration on forming N-acylurea by
fueling the reaction cycle with 50 mM EDC with varying
concentrations of C; (50, 100, 200, and 300 mM). To follow the
kinetics of the reaction cycle, we used a benzylamine quenching
method developed by our group® to measure the concentration
of the product and EDC by converting the anhydride to a stable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The influence of fuels and catalysts on the suppression of N-
acylurea. (A) The influence of the structure of fuels on the suppression
of N-acylurea. The conditions are 75 mM Cz in 200 mM MES buffer at
pH 6 at 21 °C fueled with 15 mM EDC, CMC, and DIC. * was the
reaction cycle conducted at pH 5 at 5 °C with 1.5 mM (10% of the fuel)
pyridine. (B—D) The influence of the catalyst concentration. The
kinetics profiles of (B) anhydride concentration and (C) N-acylurea
concentration in the reaction cycles of 50, 100, 150, and 200 mM Cs
fueled with 50 mM EDC in MES buffer (200 mM, pH 6 at 21 °C). HPLC
data (markers) and the kinetic model (lines), n = 3. (D) The yields of
anhydride and N-acylurea as a fraction of fuel against Cs concentra-
tion. Error bars for yield of anhydride are the 95% confidence interval.
(E and F) The influence of the structure of the catalyst on the
suppression of N-acylurea. Derivates of (E) N-acetyl-L-aspartic acid
and (F) succinic acid. * was the reaction cycle conducted atpH 5at 5 °
C with 5 mM (10% of the fuel) pyridine.

benzylamide and EDC to a guanidine, respectively. We also used
a kinetic model to fit the experimental data of species involved
in the reaction cycle every minute by solving a set of ordinary
differential equations (see ESI{).”*® The rate constants were
determined by the model, and we could calculate the efficiency
of the cycle, i.e., the percentage of fuel used to form the tran-
sient intermolecular anhydride. We found that, with increasing
C; concentration, the EDC was consumed faster (Table S2,
Fig. S2 and S117), yielding a higher maximum anhydride
concentration (3 mM to 14 mM) which was present for a shorter
period (Fig. 1B). Most importantly, the N-acylurea showed only
a moderate decrease from 20 mM to 15 mM, respectively
(Fig. 1B and C). Since the anhydride is a transient product
whose activation (formation) and deactivation (hydrolysis)
occur simultaneously, the fraction of fuel successfully used to
make the anhydride cannot be directly calculated by measuring
the anhydride concentration. However, we used the kinetic
model to calculate this fraction—Dby integrating the anhydride
hydrolysis.” Increasing C; concentration from 50 mM to
300 mM increased the effective yield from 55% to 66%, while
the N-acylurea yield decreased from 43% to 30% (Fig. 1D).
From these effective yields, we can define a term we call the
selectivity (S), ie., how much fuel is used for anhydride
production relative to N-acylurea production (eqn (1)). S scales
from +100% to —100%, where —100% implies only N-acylurea is
formed and +100% implies only anhydride is formed. We are
aiming for an S of 100%. S is slightly different from simply
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comparing the yields, as S is independent of the O-acylurea
hydrolyzed. Thus, it is not a measure of the cycle's efficiency but
rather a description of the selectivity of anhydride over N-
acylurea.

_ yield — yield

anhydride
yleldanhydride + yleldN-acylurea

N-acylurea

x 100 (1)

Increasing the C; concentration from 50 mM to 300 mM
increased the selectivity from 12% to 38% (Fig. S2Qt). Notably,
the effect tended to wear off as the concentration C; increased.
Taken together, increasing the C; concentration increases the
likelihood of forming the wanted anhydride, but the effect
wears off. Besides, decreasing the yield of the N-acylurea
product to 30% is insufficient for supramolecular machinery—
it would imply that less than 1% of the catalyst is present after
as little as four cycles.

Given that the N-acylurea side product formation decreased
with increasing C; concentration, we tested the effect of local
concentration effects on the reaction cycle—we used dicarbox-
ylate catalysts that can form intramolecular anhydride in a ring-
closing reaction. We evaluated the ring-size effect in aspartate-
like (Fig. 1E) and succinate-like derivatives (Fig. 1F) and varied
the side chain length from 1 carbon to 4 carbons. We fueled
100 mM dicarboxylate catalysts with 50 mM EDC and deter-
mined the lost catalyst concentration to measure the N-acylurea
concentration formed after 24 hours. No catalyst was lost for N-
acetyl-L-aspartate (n = 1, 5- membered anhydride, Fig. 1E), and
HPLC showed no new N-acylurea peak. As the neighboring
carboxylates were spaced farther from one another by
increasing the number of carbons, an increasing concentration
of N-acylurea was formed. For example, when the side chain has
two carbons (n = 2, N-acetyl-.-glutamate, corresponding to a 6-
membered ring anhydride), 9% of the catalyst is lost. This value
rises to 32% when the side chain has four carbons (n = 4).
Similar effects were observed for the succinic acid series (n = 1,
2, and 3, Fig. 1F). Taken together, as the distance between the O-
acylurea and the second carboxylate as a nucleophile increases,
the local concentration effect is suppressed, leading to more
unwanted side product.

Next, we tested the role of additives in suppressing the
unwanted N-acylurea. We focused on trapping agents, ie.,
reagents like pyridine, that react rapidly with the O-acylurea to
form intermediates that cannot rearrange to the N-acylurea
(Fig. 2A).**® Besides pyridine, we tested the performance of
1,2,4-triazole, and DMAP (4-dimethylaminopyridine), by fueling
100 mM C; with 50 mM EDC with 10 mM of the additives.
Compared to the reaction cycle without additives, 1,2,4-triazole
and DMAP showed a very limited ability to increase the effi-
ciency and selectivity of the reaction cycle with similar yields of
N-acylurea (40%) and anhydride (60%) (Fig. 2B, S3 and S12%). In
contrast, pyridine significantly suppressed N-acylurea forma-
tion to 5% of the EDC added, while 92% of EDC was used to
form anhydride (Fig. 2B and S3+).

In terms of the mechanism of action, we studied how addi-
tives modify the kinetic constants of the reaction cycle.

Chem. Sci., 2023, 14, 12653-12660 | 12655
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Fig.2 The influence of additives on the suppression of N-acylurea. (A)
Simplified representation of the reaction cycle with additives, pyridine
as an example. (B) The efficiency of the reaction when additives like
pyridine, 1,2,4-triazole, and DMAP were used. (C) The kinetic profiles of
anhydride concentration in the reaction cycles of 100 mM Cs fueled
with 50 mM EDC with 0, 5, 10, 20, 35 mM pyridine in MES buffer
(200 mM, pH 6 at 21 °C). HPLC data (markers) and the kinetic model
(lines), n = 3. (D) The yields of anhydride and N-acylurea as a fraction of
fuel against the pyridine concentration. Error bars for yield of anhy-
dride are the 95% confidence interval. (E) Selectivity as defined in egn
(1) against the pyridine concentrations.

According to our hypothesis, reactions involving O-acylurea as
a reagent will be significantly modified. In the case of pyridine,
anhydride formation (k,) and O-acylurea hydrolysis (ks;) were
one order of magnitude faster compared to the without or other
additives (Table S3, Fig. S31). All additives favor anhydride
hydrolysis (k,), while pyridine accelerated hydrolysis most, 12-
fold faster than without pyridine, thereby shortening the
anhydride half-life from 9 minutes to 46 seconds. Moreover, the
decreased half-life also decreased the maximum anhydride
formed to 2.5 mM (Table S3, Fig. S31). Although all additives
reduced the half-life of the anhydride, 1,2,4-triazole showed the
least catalytic activity and did not significantly decrease the
maximum anhydride concentration (Table S3, Fig. S37). These
differences in catalytic activity can be explained by their
nucleophilicities in water at pH 6. Even though DMAP has
a greater nucleophilicity than pyridine,* its nucleophilicity is
decreased because it is protonated at pH 6. DMAP has a higher
PK, (9.7)% in water than 1,2,4-triazole (pK, = 2.4)°* and pyridine
(pK, = 5.23).%> Therefore, at pH 6, 1,2,4-triazole and pyridine are
not pronated, but 1,2,4-triazole showed the least catalytical
ability, because azoles are less nucleophilic than pyridines.>
As we established that pyridine is the most successful addi-
tive, we tested the effect of its concentration by fueling 100 mM
C; with 50 mM EDC with various amounts of pyridine on the
selectivity. With increasing pyridine concentration from 0 to
35 mM, the reaction cycle became faster with accelerated rate
constants of all reactions. Especially, EDC consumption was
faster (Table S4, Fig. S4 and S13+1), and anhydride was present
for as short as 50 minutes (Fig. 2C). Between a pyridine
concentration of 0 and 35 mM, the maximum anhydride

12656 | Chem. Sci., 2023, 14, 12653-12660
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decreased from 6.5 mM to 1.6 mM (Fig. 2C) due to the accel-
erated hydrolysis. However, it remained roughly constant above
10 mM pyridine. Similarly, the amount of EDC used to form the
unwanted N-acylurea significantly decreased from 39% to 1%
but only marginally decreased beyond 10 mM pyridine (Fig. 2D
and S4t). Therefore, pyridine concentrations greater than
10 mM result in similar values in the consumption of EDC to
produce both anhydride and N-acylurea (Fig. 2D, Table S47).
These optimized conditions greatly improve over the original
conditions.

In our kinetic model, we do not consider the formation of the
acylpyridinium ion formed due to the reaction between O-acy-
lurea and pyridine. Hence, all constants related to O-acylurea
also consider the acylpyridinium ion, which is why they
monotonically change with pyridine concentration (Table S4,
Fig. S47). S was 20% without pyridine and increased to 97% with
35 mM pyridine, indicating the N-acylurea gets much less
favored with increasing pyridine. Still, no significant increase
was observed between 10 mM pyridine and 35 mM pyridine
(Fig. 2E), suggesting the effect of pyridine concentration wears
off.

Next, we tested the effect of temperature on the suppression
of N-acylurea by fueling 100 mM C; with 50 mM EDC at 5, 21,
and 35 °C. An increase in temperature tends to increase reaction
rates while decreasing selectivity. Indeed, with increasing
temperature, the overall reaction cycle became faster (Fig. 3A, S5
and S14, Table S5%). The anhydride concentration peaked at
around 5 mM at all the temperatures, but the half-lives of the
anhydride decreased from 16 min (5 °C) to 4 min (35 °C),
respectively. Moreover, the concentration of N-acylurea doubled
from 10 mM (5 °C) to 20 mM (35 °C) when increasing the
temperature (Fig. S51). From the kinetic model, it became clear
that the amount of EDC used to make anhydride decreased
slightly while the fraction of EDC used for N-acylurea increased
significantly (Fig. 3B). We calculated the selectivity factor, which
increased from 20% (21 °C) to 50% (5 °C) and a marginal
decrease to 18% (35 °C) (Fig. 3C). We conclude that the
formation of the unwanted N-acylurea can be suppressed at
lower temperatures.

Similarly, we tested the effect of pH on the suppression of N-
acylurea by fueling 100 mM C; with 50 mM EDC in 200 mM MES
buffer at 21 °C at pH 5, 6, and 7. With increasing pH, the overall
reaction cycle became much slower because the rate of EDC
consumption dropped by orders of magnitude (Table S5, Fig. S6
and S15t). Moreover, with increasing pH from 5 to 7, the
anhydride hydrolysis decreased, resulting in an increased
anhydride half-life from 7.5 to 19.2 min (Table S5, Fig. 3D).
Due to the decreased reactivity of EDC, the maximum anhydride
concentration dropped drastically (Fig. 3D). Nevertheless, the
amount of EDC used to produce anhydride varied minimally,
with similar values for pH 5 and 7, around 46%, and a slight
increase to 60% at pH 6 (Fig. 3E). However, the formed N-acy-
lurea concentration increased drastically from pH 5 to 7
(Fig. S6T and3E). In line with these data, the selectivity
decreased from 58% to —3% with increasing pH (Fig. 3F), which
implies that at higher pH, more EDC is used to make the
unwanted N-acylurea than the wanted anhydride. Overall, pH 5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The influence of temperature and pH on the suppression of N-
acylurea. (A, D and G) The kinetics profiles of anhydride concentration
in the reaction cycles of 100 mM Cs that were fueled with 50 mM EDC
in MES buffer (200 mM) (A) at pH 6 under 5, 21 and 35 °C without
pyridine, (D) at pH 5, 6 and 7 at 21 °C without pyridine, (G) at pH 5at 5°
Cwith 0, 5, 10 mM pyridine. HPLC data (markers) and the kinetic model
(lines), n = 3. (B, E and H) The yields of anhydride and N-acylure as
a fuel fraction under different conditions above. Error bars for yield of
anhydride are the 95% confidence interval. (C and F) Selectivity as
defined in egn (1) against temperature and pH, respectively. () The
optimal condition of our reaction cycle: low temperature at 5 °C, low
pH at 5, and the addition of 10% pyridine as a fraction of fuel.

showed the best ability to suppress N-acylurea and keep the
reaction cycle efficient.

We realized from all these data that lower temperature and
pH lead to an efficient reaction cycle. We further sought opti-
mized conditions by running the cycle under these conditions
at pH 5, 5 °C with 0, 5, and 10 mM pyridine, decreasing the
maximum anhydride concentration (Fig. 3G, S7 and S16, Table
S67). At the same time, it suppressed N-acylurea (Fig. S71). The
effectiveness of suppressing N-acylurea leveled off when the
pyridine was more than 5 mM which is 10% of the fuel (Fig. 3H).
Indeed, the selectivity significantly increased from 71% (0 mM
pyridine) to 98% (10 mM pyridine) (Fig. S7Qt).

Therefore, we conclude that the optimal condition for our
reaction cycle is to use dicarboxylic acids as catalysts that lead to
5-membered anhydrides like aspartic acid or succinic acid
derivatives. When other catalysts are used, we suggest using
10% pyridine as a fraction of the fuel at pH 5 at 5 °C. Under
those optimal conditions, N-acylurea was completely sup-
pressed in the cycle of C; with DIC (Fig. 1A and S7, Table S6 and
S177). Moreover, the reaction cycle of the N-acetyl-L-aspartate
derivate with a 4-carbon side chain (n = 4) under our optimal
condition resulted in a 4-times decrease in the yield of N-acy-
lurea side product (Fig. 1E). Furthermore, we conducted refu-
eling experiments of 100 mM C; with 50 mM EDC under the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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optimal condition of pH 5 at 5 °C with 5 mM pyridine (10% of
the fuel) for 10 times (Fig. S10A7). The yield of the unwanted N-
acylurea in each refueling experiment stays constant and only
4.2 mM N-acylurea accumulated after 10 times of refueling.
With our kinetic model, we simulated that the catalyst can now
undergo over 142 times of refueling before its concentration
falls below 1% (Fig. S10Bt). In stark contrast, the catalyst was
depleted after 5 times of refueling under the standard condition
(pH 6, 21 °C without pyridine) (Fig. S10C¥).

We tested our newly optimized condition in a case using
a catalyst that could phase-separate, i.e., butyric acid (C,). Due
to the extra methylene group compared to C;, the activated
catalyst of C, phase separates to form oil droplets. We ran
reaction cycles by fueling 100 mM C, with 100 mM EDC under
the sub-optimal condition (pH 6 without pyridine) and optimal
condition (pH 5 with 10% pyridine as a fraction of EDC). Both
reaction cycles were run at 21 °C to compare the phase sepa-
ration better because phase separation is strongly temperature-
dependent.> The reaction cycle under the sub-optimal condi-
tion did not turn turbid, suggesting no assembly was observed.
However, under the optimal condition, the reaction solution
became turbid within 30 seconds after EDC was applied, and
this turbidity persisted for 5 minutes, as observed on UV/vis
spectroscopy (Fig. 4A). Confocal fluorescence microscopy
confirmed that the transient assembly consisted of oil droplets
(Fig. 4B). The total volume of the droplets calculated from the
confocal fluorescence microscopy peaked at 579 £+ 70 pm
around 2 min after EDC was added and decreased to 0 after 5
minutes (Fig. 4C). Moreover, the hydrodynamic diameter of the
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Fig. 4 Assembly obtained under the optimal condition. (A) Absor-
bance at 600 nm by UV/vis spectroscopy as a measure of turbidity of
the reaction cycles of 100 mM C4 fueled with 100 mM EDC in 200 mM
MES buffer at 21 °C under sub-optimal (pH 6 without pyridine) and
optimal (pH 5 with 10 mM pyridine) conditions. (B) Confocal fluores-
cence microscopy image of the oil droplets obtained in the reaction
cycle under the optimal condition described in (A). (C) The total
volume of oil droplets as a function of time was obtained from
confocal fluorescence microscopy. (D) Scattering rate of the droplets
as a function of time.
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droplets was 1.7 £ 0.1 pm on dynamic light scattering
(DLS) (Fig. 4D). The scattering intensity profile further
confirmed that droplets emerged upon the application of EDC
and decayed after EDC was depleted. The droplets' lifetime was
also consistent with the values obtained on UV/vis spectroscopy
and confocal fluorescence microscopy. Taken together, using
the optimal versus sub-optimal conditions can make the
difference between obtaining chemically fueled functions or
not.

Conclusions

The carbodiimide-driven reaction cycle has proven a powerful
catalytic reaction in powering supramolecular machinery, self-
assembly, and phase separation. Nevertheless, side reactions
poison the catalyst, which is disastrous for these reaction cycles.
We tested the effects of various parameters on suppressing side
product N-acylurea in a carbodiimide-driven reaction cycle,
including fuel structure, catalyst concentration, catalyst struc-
ture, additives, temperature, and pH. Increasing catalyst
concentration results in less N-acylurea formation, but the
influence wore off. Catalysts with two carboxylic groups tend to
form intramolecular anhydrides with less N-acylurea. However,
N-acylurea formation becomes more favored if the two carbox-
ylic groups are far apart. Moreover, pyridine performed best, but
its ability also wore off with increasing concentration. Low
temperature and low pH gave a higher effective reaction cycle.
Hence, a combination of low temperature, low pH, and 10%
pyridine as a fuel fraction is the optimal condition for a highly
effective carbodiimide-driven cycle. We believe our work would
provide helpful suggestions for using carbodiimide-fueled
reaction cycles to regulate molecular function about how to
choose an optimal condition.
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