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Abstract
Two essential properties that contributed to the origins of life and are necessary for the synthesis of life de novo
are compartmentalization and self-replication. Recently a self-replicating system has been combined with complex
coacervates and strong partitioning is observed. This study presents a model based on statistical thermodynamics
to be able to describe this behaviour. The general principles are presented before being applied to partitioning of
the replicator building block. This showed that the available space in coacervates is much lower than is expected
based on its volume. It also allows to determine the free energy of partitioning. The discussion is extended to
include macrocycles and linear oligomers. Only small energetic gains of a few kbT for a macrocycle in a coacer-
vate compared to in the solvent phase can cause major amplification in the prevalence of rings of size five and
larger. The model also includes saturation effects showing that this causes larger species to become more prevalent.

Introduction
The formation of compartments is regarded to play an
essential role in the emergence of life on earth.1,2 Com-
partments serve to provide high concentrations of mate-
rial relevant for metabolism, generate selective or specific
environments and induce spatial separation necessary for
a system to remain dynamic and not return to a ther-
modynamic equilibrium.3,4 Besides deducing its primal
form and when it appeared in the early stages of life,
research is dedicated to finding suitable compartments
to facilitate the synthesis of life de novo.
A fundamental controversy arising in the debate of the
origins of life, is the definition of life itself. A common
definition in the field constitutes several characteristics
as summarized in figure 1.2,3 In order to assign a system
to be alive it must have information carrying molecules
capable of transmitting this information to progeny by
means of replication; the ability to utilize energy and
resources for the formation of its own material and to
stay out-of-equilibrium; and a separation from the en-
vironment to discern itself and to keep its components
together. It is able to maintain its operation by staying

out-of-equilibrium through dissipative processes. Muta-
tions during replication process cause variability in the
system and species that are more stable, or have a higher
”fitness”, will be retained. When others die, Darwinian
evolution takes place. Survival of the fittest then refers
to a drive to more kinetic stability.5 Open-ended evo-
lution can also be regarded as part of the definition of
life.6 By evolution the system will be able to acquire
more functions. Both this and a combining event be-
tween two separate systems increases the complexity of
the whole and can contribute to the process of going from
an abiotic chemical composition, to simple forms of life,
to finally the systems that we observe today.

A viable attempt to capture the above-mentioned char-
acteristics into a molecular system is made by Otto and
coworkers, the ultimate goal being that the system can
be considered alive. They have found a dithiol con-
nected to a small peptide chain with sequence GLKFK,
molecule 1, that is able to perform self-replication (fig.
2).8 Upon oxidation disulfide bonds form and a library
arises consisting of macrocycles (1n) of different sizes,
primarily trimers, tetramers and hexamers, that inter-
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Figure 1. Life can be described as a system that exhibits self-replication, metabolism and compartmentalization. The system is
self-sustaining as it keeps itself out-of-equilibrium. Darwinian evolution can occur if species of higher stability arise from mutations
during replication processes while those that are less stable die. Image taken from ref. [7].

convert. At some point, cycles can stack into long fibres
of tens of nm, consuming most of the available mate-
rial. The cycle that does so is then called a replicator.
Which cycles make up the fibres depends on the mode
of agitation and the environment.9,10

Besides self-replicating, a stack of hexamers is able to act
as a catalyst in a retro-aldol reaction and, more impor-
tantly, in the deprotection of FMOC-glycine into diben-
zofulvene, the latter being able to accelerate the oxida-
tion of monomers.11 The second process is an example in
which self-replication and metabolism is combined. By
the introduction of other peptide sequences, different cy-
cles might be competing for the same food, and perform
simple evolution. The first principles thereof have also
been demonstrated with two different monomers that
cause two different sets of macrocycles to occur in which
one is the ancestor of the other.12

Another objective is the incorporation of the self-
replication molecule in compartments. For this pur-
pose replicators are combined with coacervates in which
they can partition. Coacervates are droplets formed by
liquid-liquid phase separation in which the intermolec-
ular interactions between components is strong enough
to overcome the entropic loss of demixing.13 Commonly
this occurs using oppositely charged polyelectrolytes, i.e.
ionic polymers. Polyelectrolytes can also combine into
a solid phase when added to water depending on the
strength of the interactions and that is not useful for
dynamic incorporation of solutes. Anionic poly(acrylic
acid) PAA and cationic poly(diallyldimethylammonium
chloride) PDACMAC (fig. 5) form a liquid like phase

when they are mixed in a charge ratio of 1.1. For much
lower ratios (<0.4) they are soluble, for other ratios they
form a solid complex.14

One of the reasons to choose for coacervates is that they
do not possess a membrane, allowing a wider range of
molecules to enter. It is not limited to hydrophobic so-
lutes that can pass through a lipid membrane. Also, they
are comparable to membraneless organelles that are part
of real cellular systems.16 In some theories of the origins
of life, mainly by Oparin and later Lancet, coacervates
have been ascribed to be the beginning of life as vari-
aties of mixes of molecules entering the droplets might
eventually lead to catalysis into new molecules or replica-
tion.17 Coacervates have been used as membraneless cells
to study rate enhancement of biomolecular reactions due
to an alternate environment and high concentrations be-
cause of strong partitioning. Examples include enhanced
RNA polymerization dependent on the polycation; RNA
polymerization in the absence of Mg2+ whereas it is nec-
essary in water; strong partitioning of nucleotides and
RNA; and controllable coacervate formation and disas-
sembly upon phosphorylation.18–20

Experiments have shown that 1 and the macrocycles par-
tition strongly inside coacervates and this is promising
regarding the synthesis of life.10 To be able to compart-
mentalize these molecules adds complexity as there are
two different phases and new opportunities such as selec-
tively towards peptides based on the amino acids. Com-
partments can possibly also be exploited as a means of
spatial separation of information (i.e. material) where
replicators might not be able to diffuse out of the droplet
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Figure 2. Self-replication system in which 1 forms rings upon
oxidation, which are able to form into fibres. Image taken from
ref. [15].

Figure 3. Possible processes involved when 1 is added to an
emulsion of water and coacervates. It can diffuse into and leave
the droplet and so do the macrocycles whereas replicators might
not be able to. Image taken from ref. [10].

but smaller units are, and hence form the communication
between cells as shown in figure 3.
In order to be able to interpret experimental data on
partitioning and predict the behaviour of a network of
molecules inside and outside a coacervate, a model can
be made. The purpose of this study is to lay out a ther-
modynamic framework for the partitioning of monomers
and macrocycles inside coacervates. Kinetics is not con-
sidered yet but that would be useful in order for the
model to be applicable in a large dynamic assembly of all
processes listed in figure 1. At first, formulations from
statistical thermodynamic are introduced before being
applied to the simplest case of solely monomer partition-
ing. Then, the discussion is extended to macrocycles. It
is described how a distribution of macrocycles can be
treated by an exponential function. This is applied to
cycles in coacervates and water. It is shown how this
can be worked out in the case that both phases are in
a dilution limit. Deviations from the behaviour in the
case of coacervate saturation are also explained. More-
over, linear oligomers are added and the effect of thiol
oxidation on the distribution of linear and cyclic species.
Finally, experiments are proposed that can test some of
the observations made in this study.

Thermodynamics of partitioning
The partitioning of any species can be modelled using
statistical thermodynamics. First, the principles are out-
lined before it is applied to the simplest case of monomer
partitioning. The derivation is identical to a model on

RNA adsorption on a mineral surface, coincidentally also
part of origin of life research to give insight into the emer-
gence of longer RNA chains in the presence of a mineral
surface as part of the so called RNA world theory.21 For
this reason, for the first steps of the derivation, one is
advised to visit [21].

Principles

For clarity and the fact that exact equations can be ob-
tained, the coacervate is depicted as a one dimensional
line that consists of active sites. An active site is an arbi-
trarily sized unit of volume from which the entire system,
thus coacervate and water (solvent) is build. Useful in-
terpretations of the size can be that of a solvent molecule,
a solute molecule, or a monomer in the case that different
polymers are considered that, depending on their length,
take up multiple sites. For instance, in figure 4 a pink
species is a tetramer that takes up four spaces. This
meaning will be applied in further discussions since 1 is
a monomer that can form into macrocycles of size k.

Describing a system using statistical thermodynamics re-
lies on finding the number of possible permutations, Ω,
for a certain configuration. In figure 4 the total num-
ber of species Ntot is the number of entities (empty,
pink and green). These can permute in (Ntot)! different
ways. The denominator accounts for double counting. Ω
can then be used to derive thermodynamic quantities.22

These steps are not shown here and the final result is the
chemical potential of a species of size k in a coacervate,
µ̃k, and is given by (eq. 1).
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Figure 4. 1D schematic representation of a coacervate. White squares are empty sites
and the pink and green depict molecules that can be adsorbed onto the sites. Image taken
from ref. [21].

Figure 5. Oppositely charged poly-
electrolytes that can form coacervates
in water.

µ̃k = µ̃◦k+kbT ln

[
θk

(
θW
θ0

)k−1 1
θ0

]
(eq. 1)

In which µ̃◦k is the standard chemical potentail, θk =
Nk/N , θW = W/N and θ0 = N0/N are fractions with
regard to the total number of sites in the coacervate N .
Nk is the number of a k-mer, W = N0 +

∑
Nk is the

total number of entities and N0 = N −
∑
k ·Nk are the

remaining water molecules. The same results can be ob-
tained for the water phase where θ is replaced by χ to
indicate this phase. However, since there are much more
H2O molecules than solute, this phase is very diluted
and χW ≈ χ0 ≈ 1 and the expression can be simplified
to,

µk = µ◦k+kbT ln(χk) (eq. 2)

Upon reaching an equilibrium in partitioning, µ̃k = µk,
resulting in (eq. 3).

∆µ◦k+kbT ln

[
θk
χk

(
θW
θ0

)k−1 1
θ0

]
= 0 (eq. 3)

In here, ∆µ◦k is the standard chemical potential for parti-
tioning and the difference between the standard chemical
potential in coacervate and water. The term within the
natural logarithm is an expression for the equilibrium
constant of partitioning such that,

Kk = θk
χk

(
θW
θ0

)k−1 1
θ0

= e−β∆µ◦
k (eq. 4)

As one can see in (eq. 4), Kk is equal to the exponential
of −β∆µ◦k. In here β = 1/kbT . A notable feature of this
equation is that the partition constant of a species is not
just the ratio of the concentration in both phases, but
additional terms account for the fact that the coacervate
phase can saturate. In that respect, θk/χk is the parti-
tion constant that is measured and it is equal to the true
value of Kk when both phases are diluted. However, at

saturation, the other terms serve as a correction factor.
The apparent partition constant is Kk,app.
Kk can be expressed in terms of the number of differ-
ent solutes. Considering that θW = 1−

∑
(k−1)θk and

θ0 = 1−
∑
k ·θk,

Kk = θk
χk

(1−
∑

(i−1)θi)k−1

(1−
∑
iθi)k

(eq. 5)

This equation is the most general form for the equilib-
rium constant of partitioning of monomer and oligomers
on a one dimension line.
A 1D model is limited as it does not account for the pos-
sible flexibility of larger species that is allowed in two
or three dimensions. This would increase their number
of configuration and decrease the entropy loss associated
with a large molecule replacing multiple smaller ones.
Although it is an important note, the model can still
be used for qualitative predictions as the extension to-
wards more dimensions would only shift the value of the
energetic parameters (introduced later) in the standard
chemical potential.21

Monomer only
When considering solely the monomer that occupies one
site (i.e. k=1), (eq. 5) can be simplified into (eq. 6). The
fractions can be expressed in terms of absolute quanti-
ties as that might be more useful when comparing it with
experimental data, as discussed in an upcoming section.
In here, M and N are the number of sites in water and
coacervate, respectively. m and ñ are the number of
monomers in water and coacervate.

K = θ

χ

1
(1−θ) = ñM

m(N − ñ) (eq. 6)

The formula simplifies to an expression that can be ma-
nipulated easily. From a practical standpoint, the ap-
proximation for the dilution limit for the water phase is
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not necessary. When including this, it results in,

K = θ

χ

1−χ
(1−θ) = ñ(M −m)

m(N − ñ) (eq. 7)

This partition constant stands for the reaction,

1(aq) + H2O(co)
∆µ◦
−−−⇀↽−−− 1(co) + H2O (aq) (eq. 8)

In the case of merely monomer, it is also possible to take
into consideration the relative size of 1 compared to a
water molecule. Then, the meaning of a site is altered
such that one site is occupied by one water molecule. A
monomer is not necessarily the same size and will occupy
ζ sites, resulting in the reaction,

1(aq) + ζH2O(co)
∆µ◦
−−−⇀↽−−− 1(co) + ζH2O (aq) (eq. 9)

From (eq. 5) it follows that,

K = θ(1− (ζ−1)θ)ζ−1

χ(1− ζθ)ζ
(eq. 10)

The results of using (eq. 7) and a comparison with exper-
imental data is shown later, as well as the results from
considering ζ.

Connection with partition function
The expression for the partition constant for monomer
can also be reached without considering the operations
from before. For this, it is sufficient to consider Ω, the
partition function Z and a factor exp[−β∆µ◦] that occu-
pying a site in a coacervate is favoured over water. Then,
the probability to have ñ species in coacervate is given
by (eq. 11).

p(ñ) = Ω(ñ)e−∆µ◦βñ

Z
(eq. 11)

For large N and M , p(ñ)≈ p(ñ+ 1) and this yields,

Ω(ñ)e−∆µ◦βñ = Ω(ñ+ 1)e−∆µ◦β(ñ+1) (eq. 12)

From this, K = Ω(ñ+ 1)/Ω(ñ). Ω is given in (eq. 13).

Ω(M,N,m,ñ) =(
N !

ñ!(N − ñ)!

)(
M !

m!(M −m)!

)
(eq. 13)

Solving in terms of K, and considering that n,m >> 1
results in (eq. 7).
However, when the size of the monomer is included, the
function for Ω (eq. 14) becomes cumbersome and it not
easy to solve. This is even more of a problem when

multiple species are involved. The discussion from [21]
provides a relatively easy model.

Ω(M,N,m,ñ,ζ) =(
(N − (ζ−1)ñ)!
ñ!(N − ζñ)!

)(
(M − (ζ−1)m)!
m!(M − ζm)!

)
(eq. 14)

Monomer partitioning
The previously derived equations can be used to calcu-
late the apparent partition constant as a function of the
partition constant in the dilution limit, the amount of
material present and the number of sites. Then, it can
also be used to fit experimental data and obtain con-
stants of the system.
Besides K, another constant can be extracted from data
fitting and that is the ratio of number of sites in coac-
ervate and water, φ=N/M . The relative volume of the
coacervate and water is usually known and is around
0.01-0.05. It does not necessarily mean that the active
sites conform to the same ratio as the coacervate consists
of polymers and the interactions between them that take
up space. However, a coacervate contains water as well
and if it is sufficiently swollen it is expected that the
amount of water (that can be replaced) relative to the
solvent is of the same order as the ratio of volumes.

Figure 6. Using (eq. 7) the apparent partition constant can
be plotted as a function of the total amount of material added
compared to the number of available sites in coacervates.

Using (eq. 7) and varying K and φ it is possible to make
a plot of Kapp while changing the ratio of total amount
of 1 added, n, to the number of sites in the coacervate.
This is shown in figure 6. The most apparent feature
is the decrease in Kapp when n ≈ N showing that the
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apparent constant decreases rapidly if more material is
added than can be hosted in the coacervate, at least in
the case that K is much higher than 1. In the dilution
limit, Kapp is virtually equal to K. In all three cases, the
slope at saturation is equal to −1 but the height of the
graph depends on φ. That is because a small φ means
that there is a lot of solvent. Upon saturation, the ad-
ditional material goes into the solvent but because of its
volume χ stays lower than for a larger φ and thus Kapp
is higher.

Experimental data
Experiments have been able to measure the partition
constant at various concentrations of 1 for different time
intervals after addition of monomer. However, multiple
issues arise in these measurements and therefore repeats
(3x) at the same concentration and time show very differ-
ent outcomes. The first inconvenience is that the coac-
ervates are not constant and stable for a long period of
time. What this means is that in the hours after addi-
tion of the polyelectrolytes the coacervates coalesce and
break apart, so they are not properly equilibrated. After
a few hours to days they will start to coalesce, form a
larger phase, stick to the sides of the vial and sink to the
bottom. Then they are not able to properly contribute
to partitioning.
The second issue is that it is not easy to determine the
concentration of material inside the coacervates. That
is due to polyelectrolytes in a UPLC measurement that
stick to the walls, gluing the monomers and spreading
the retention time. The concentration in the coacer-
vate is therefore determined from the content in super-
natant. The experimental procedure is as follows. Poly-
electrolytes are dissolved to a concentration of 50 mM
in charges. Then the monomers are added at 45 ◦C and
agitated at 1200 rpm. At different time points 0.5 ml of
sample was taken and centrifuged and the supernatant
was diluted such that if the total sample would be di-
luted the concentration is 0.2 mM, except for 0.05 mM
to which nothing was added. This means dilution of 1,
2.5, 5 and 10 times for 0.2 mM, 0.5 mM, 1 mM and 2
mM, respectively. The sample is measured by UPLC and
compared to a reference to determine the concentration
in supernatant. The volume of coacervates can be used
to determine the concentration in the coacervate. From
the mass of remaining coacervates after centrifuging and
the assumption of its density to be simmilar to water,

the volume was estimated at 2% of the total volume.
Instead of the droplet concentration, from the concentra-
tion in supernatant a different quantity is determined,
namely the ratio of contents in water and coacervate,
so called the capacity factor CF . For this, the concen-
tration in supernatant is multiplied by 0.98 (the solvent
volume fraction) and subtracted from the total concen-
tration to get the amount of monomer in the coacer-
vate. This is then divided by the amount in supernatant
(0.98 · [1]supernatant). In order to get a partition constant
defined as the ratio of concentration of 1 in coacervate
and water, CF can be multiplied by 50. CF is directly
related to the model as it is ñ/m. Using the definition
of Kapp in the model,

Kapp = θ

χ
= ñ/N

m/M
= ñ/m

N/M
= CF · 1

φ
(eq. 15)

The experimental outcome at different concentrations of
monomer at 60 minutes is shown in figure 7. Since the
values for CP are highly spread out, it is more informa-
tive to plot the data on a log-log plot. Moreover, then it
can be compared to the theoretical models. It is indeed
apparent that the trend in the data resembles that of
the plots in figure 6. Data for the other time points are
shown in the appendices. Some features are consistent
over all graphs and those are the point of saturation and
the magnitude of the capacity factor at low concentra-
tions. However, the trends are irregular and this could
have to do with the fact that the coacervates are either
not equilibrated shortly after addition, or they coalesce
and stick to the sides after a couple of hours. The data
after one hour shows the most physically reasonable re-
sults as CP does not increase upon addition of monomer
and the point of saturation is clear. Some conclusions are
made but only with more reliable data these statements
can be made more well-founded.

Experiment and model
Clearly, there are similarities between the model and ex-
perimental data. A clear point of saturation occurs af-
ter which the capacity factor (experiment) or apparent
partition constant (model) decreases linearly on a log-
log plot. Almost replicate behaviour has been observed
on lysozyme partitioning in coacervates by Van Lente
et al. when they measured the partition constant for
a wide range of concentrations.23 Finding the dilution
limit and quantifying partitioning by means of a constant
allows one to conclude on the partition capabilities of a
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Figure 7. Experimental data on the partitioning of 1 in coacervates show saturation behaviour at 0.3 mM of monomer. This is
better visualised when it is plotted on a log-log scale.

system. This is not universal in research on partition-
ing of (bio)molecules in coacervates as sometimes only a
single concentration is taken or partitioning is observed
qualitatively by turbidity measurements or spectroscopic
methods.24–27 Care should be taken on determining the
partition constant when only a single concentration is
examined.
The relationship between the experimental data on par-
titioning and the described model is discussed next.

Fit by eye
By adjusting K and φ in (eq. 7) a fit can be made by
eye. In order to predict φ one should bear in mind that
the point of saturation is approximately when the total
amount of materials equals the total number of sites in
the coacervate. That point is at [1]≈ 0.3 mM ≈N . The
total amount of water sites is the concentration of water
in water, i.e. 55.5 M, thus φ = N/M ≈ 0.0003/55.5 =
5.4 · 10−6. Since CP = 124 at dilution, from (eq. 15) it
turns out that K ≈ 2.3 ·107. Adjusting it to K ≈ 2.7 ·107

results in figure 8. This means a standard binding free
energy ∆µ◦1 of 17 kbT .
The value for φ is much lower than Vco/Vwa = 0.02 indi-
cating that the coacervate has less space for monomers
to occupy than its volume suggests. This can be partly
explained by the fact that the polymers take up space.
Another suggesting is that it involves salt ions than are
present in the coacervate. When polyelectrolytes mix
and oppositely charged chains interact, many of their
small counter ions are expelled to the solvent, although
not all of them. It could be that the monomer only re-
places the remaining ions and is not able to disrupt the

interactions between polyelectrolytes even though it has
charged groups. Measuring the difference in the amount
of salt ions in the coacervate before and after addition of
1 could show whether this is a reasonable explanation.
Then, the difference would be approximately the amount
of monomer in the coacervate. Perhaps a more feasible
approach is to use similar solutes that differ in their va-
lency, for instance ADP and ATP, to see whether the
capacity is related to their charge content.Insight into
the ion content of a coacervate, the degree of counteri-
ons (to ensure charge neutrality), additional coions and
the extent to which polyelectrolyte interactions are bro-
ken can be obtained using the theory from Schlenoff et
al. using the Donnan equilibrium.28

Figure 8. Experimental data is fit by eye, K = 2.7 · 107 and
φ= 5.4 · 10−6.

It is interesting to see whether the small capacity origi-
nates from salt replacement or it is an intrinsic property
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of this coacervate and solute system that few monomers
can enter the polyelectrolyte network while not neces-
sarily replacing ions, or a combination of both. The
coacervates are dissolved in a concentration of 50 mM in
charges. The saturation point of 1 is at 0.3 mM so there
are about 110 polyelectrolyte charges for one charge on
a monomer (containing 2+ and 1−). This would sug-
gest that the monomer is not able to fully engage in the
electrostatic interaction between polymers.

Program fit
The experimental data can also be fitted using soft-
ware. For this purpose, the Jupyter Notebook environ-
ment is used. The Scipy option curve fit cannot be
used directly. For this purpose, the approximation that
M >>m is used as in (eq. 6). This equation is rewritten
to free m such that m can be plotted as a function of ñ
with fit parameters K and φ.

K = ñ(M −m)
m(φM − ñ) ≈

ñM

m(φM − ñ)

⇒m= ñM

K(φM − ñ) (eq. 16)

The experimental data is rewritten in terms of m and ñ
using (eq. 17).

CP = ñ

m
= ñ

n− ñ
= n−m

m

⇒ ñ= n ·CP
1 +CP

and m= n

1 +CP
(eq. 17)

The fit parameters from this method are φ= 3.47 ·10−5

and K = 1.51 ·105. This differs by one or two orders of
magnitude from the fit by eye. The effect of the fit pa-
rameters is shown in figure 10 and the fit is not good at
dilution. This has partly to do with the fact that only
for saturation ñ and m are substantial and hence fit pa-
rameters will attempt to minimize deviations from that
region in the m,ñ-plot. Moreover, it is because of the in-
crease in φ which causes the point of saturation to move
to 1.8 mM whereas clearly a form of saturation should
occur at 0.3 mM. This is even more clear in figure 9. It
shows that the maximum value for ñ approaches 1.8 mM,
higher than expected from figure 7. This would mean
that the maximum capacity of the coacervate is higher.
Possibly the coacervate swells slightly upon saturation,
increasing φ and lowering Kapp in (eq. 15). Coacervates
swell upon increasing salt concentration until the poly-
electrolyte interactions are completely screened by ions
and it dissolves.29,30 Uptake of monomers could increase

the ionic strength in the coacervate, causing it to swell
and be able to accommodate more species. Zacharia and
coworkers have found a system in which solute parti-
tioning grows when its total concentration increases as
the molecules improves the hydrophobicity in the coac-
ervate.31,32 There are no indications that this is the case
as Kapp does not increase upon higher monomer concen-
trations. Yet, it does for some of the other time points
but this has more likely to do with experimental errors.
However, it is a useful concept to consider when trying
to explain the partitioning behaviour of 1.
Another reason could have to do with oxidation of
monomers inside the coacervate. Previous experiments
has shown that in the presence of pDACMAC acceler-
ated oxidation takes place whereas oxidation from air
usually takes a couple days.10,33 If some of the monomer
inside the coacervate is converted to other species it will
decrease the concentration of monomer in supernatant.
From the method to determine the coacervate content
this would imply a value that is too high. Then, CP is
also increased and the data points end up higher than
what the model suggests.

Monomer size
In order to account for the relative size of 1 to H2O, a ζ
parameter has been introduced in (eq. 10). ζ is a mea-
sure of the effective volume that a monomer takes up
in the coacervate in comparison with a water molecule
and as such can give insight into the environment of
the molecules. If it is higher than what one would ex-
pect based on a crude calculation of the volume of the
molecule, the monomer replaces more water molecules
and it is not able to be as tightly incorporated within a
coacervate as water is.
Writing (eq. 10) in terms of absolute values:

K =
ñ(1− (ζ−1) ñ

φM )ζ−1

mφ(1− ζ ñ
φM )ζ

(eq. 18)

Now, saturation occurs when ζñ/(φM)→ 1, where ñ ≈
n≈N . This is similar as before apart from the addition
of ζ, hence φ will be increased by a factor ζ and K de-
creases by that same amount. Considering that ζ is in
the order of ten to hundred, K will lower but it will still
be multiple orders of magnitude high.
What value could one expect for ζ? ζ is an indication for
the size of 1 relative to a water molecule. The molecular
mass of 1 is 760.982 g/mol and for water it is 18.015
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Figure 9. m,ñ plot that is used to find fit parameters. Figure 10. Experimental data fitted using software,
K = 1.51 · 105 and φ= 3.47 · 10−5.

Figure 11. While considering the size of 1 might reveal
more information about the system, it turns out that dif-
ferent values for ζ results in very similar results.

Figure 12. Different sets of parameters give equiv-
alent results. ζ = 1, φ = 3.47 · 10−5, K = 151380;

ζ = 30, φ = 1.75 · 10−3, K = 3204; ζ = 181, φ =
0.0105, K = 534.

g/mol. Then, ζ is expected to be around 42. A crude
estimation of ζ can also be made based on the dimen-
sions of a stack of hexamers. One layer is roughly 0.5
nm thick with a diameter of 3.2 nm, thus the volume of
one molecule is (0.5 ·1.62π)/6 = 0.67 nm3.15 The volume
of H2O is 0.030 nm3, hence ζ ≈ 22. When 16 is aggre-
gated the volume of the individual molecules is probably
reduced due to favourable interactions and ζ should be
slightly higher. In any case, the range of ζ is quite large
but the value from the model is expected to be in this
range.

The same methods for data fitting can be applied, i.e.
expressing (eq. 18) in terms of m. From figure 11 and 12
it is clear that different sets of data give similar results.
That is not unexpected considering that ζ, φ and K are
proportionally related. The major difference is that, due
to a power of ζ, the plot is more sensitive to small changes

of ñ and hence the plots do not perfectly overlay. How-
ever, in order to determine what ζ fits best and to get a
precision of about 5 (relevant for interpreting the size),
more repeats of the same experiment with more accurate
concentration measurements are necessary.
The issue of a discrepancy in the capacity of the coacer-
vate still remains as the principles of the model, that is
constant number of sites and size of sites, do not change.
In order to account for a changing environment in the
coacervate, the model should be extended, for instance
by including sites that become accessible when a certain
level of saturation is reached. This would add a level of
complexity to the derivation from the beginning and this
is not further examined.
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Macrocycle partitioning
In the upcoming sections the discussion of partitioning
is extended to more molecules such as macrocycles and
linear oligomers of monomer 1. The reactions that play
a role are introduced. The thermodynamic model out-
lined at the start is expanded to be able to describe
the multicomponent system. Length dependent affine
functions for the standard chemical potential enable to
express equilibrium constants in terms of energetic pa-
rameters. From this it follows that species are exponen-
tially distributed. This is applied to a system containing
solely cyclic species and a combination of cyclic and lin-
ear species. Finally, the effect of saturation is discussed.

Reactions
When considering more than one species, it is important
to take into account the reactions that can occur as ul-
timately these decide what products are formed and in
what amounts. The reactions in a monomer-only sys-
tem are limited as it can only perform a transfer from
one phase to the other. Including macrocycles compli-
cates the system since beside partitioning, they can react
with one another, both in water and coacervate. In this
section it is discussed what these reactions are and the
implications of describing them in one way or another.
There are two new reactions that come into play. Those
are thiol disulfide exchange and oxidation of thiols. A
thiol disulfide exchange reaction converts a thiol and
disulfide into two of the same kind while connected
groups are exchanged, i.e. R1SH + R2SSR3 −−⇀↽−−R2SH +
R1SSR3. In case of a thiol and a single type of chain
(R––X–GLKFK) this would not have an effect. How-
ever, 1 is a dithiol that forms into rings. If this reacts
with one of the thiols of a linear species, for example a
monomer or dimer, then the ring is broken up. Since
both the new thiol and disulfide are connected through
the remainder of the original ring, one linear species is
formed.
This linear molecule is reactive and can combine with
another ring to form an even longer oligomer. It is also
able to perform a backbiting reaction in which a termi-
nal thiol reacts intramolecularly with a disulfide moiety,
releasing a linear molecule. The net reaction over two
steps is [m] + [n]* −−⇀↽−− [m – k] + [n + k]*, in which [m]
is a ring and [n]* is linear. Both reactions are still ex-
amples of thiol disulfide exchange. They are relevant as
they allow to construct a mechanism for the conversion

of one macrocycle into another with only catalytic con-
tributions from linear species. For instance in the case
of trimer and tetramer conversion,

Net reaction: 4 [3 ]−−⇀↽−− 3[4 ]

[3 ] + [1 ]∗ −−⇀↽−− [4 ]∗
+[3]−−−⇀↽−−− [7 ]∗ −−⇀↽−− [4 ] + [3 ]∗

+[3]−−−⇀↽−−−

[6 ]∗ −−⇀↽−− [4 ] + [2 ]∗
+[3]−−−⇀↽−−− [5 ]∗ −−⇀↽−− [4 ] + [1 ]∗

Any reaction of the form n [m] −−⇀↽−− m [n] can be con-
structed in this way. Using this method macrocycle con-
version can also be written as [m]+[n]−−⇀↽−− [m+n]. This
requires less steps and combining multiple of these reac-
tions adds up to the former reaction. The latter form
is used in the upcoming discussions of thermodynamics
as it entails more general features such as a constant
form and magnitude of the associated equilibrium con-
stant. These still play a part if the reaction is written as
l [k]−−⇀↽−− k [l] but since it can be written as a combination
of multiple reactions, the equilibrium constants are not
always equal.
Two linear species can also react by thiol disulfide ex-
change. An overview of all reactions and partitioning is
shown in the first column of table 1. In here, an asterisk
(∗) signifies a linear species and a tilde (∼) the fact that
the species is in a coacervate.
As mentioned before, oxidation of two thiols into a
disulfide bond occurs as well. This reaction is first or-
der in thiol with a reaction rate constant k = 2 · 10−4

min−1.33 Thiol disulfide exchange has a rate constant of
k = 6.48 ·106 M−1min−1 and is first order in both thiol
and disulfide.33 The rate of oxidation is much lower and
for this reason it is assumed that all macrocycles and
linear species are in equilibrium.

Extension on thermodynamics
While expanding on the number of distinct species will
increase complexity, the thermodynamic framework laid
down at the beginning still holds. The formulae for the
chemical potential of species and the partitioning con-
stant that was derived from it, have already been ex-
plained in the context of monomers and polymers. Now,
these are used as the are presented instead of reducing
them down by only looking at monomer partitioning. It
only requires small additions to give meaning into the
standard chemical potential. Then, those can be used
to derive expressions for the equilibrium constants for
partitioning and exchange reactions.
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[m] + [n]−−⇀↽−− [m+n] K
χm+n
χmχn

eβa

[m̃] + [ñ]−−⇀↽−− [m̃+ ñ] K̃
θm+n
θmθn

θW eβã

[m]∗+ [n]∗ −−⇀↽−− [m−k]∗+ [n+k]∗ Kex,l
χ∗

m−kχ
∗
n+k

χ∗
mχ

∗
n

e−β·0 = 1

[m] + [n]∗ −−⇀↽−− [m+n]∗ Kex,m
χ∗

m+n
χmχ∗

n
eβa ·e−β(b∗−b)m

[m̃]∗+ [ñ]∗ −−⇀↽−− [m̃− k̃]∗+ [ñ+ k̃]∗ K̃ex,l
θ∗

m−kθ
∗
n+k

θ∗
mθ

∗
n

e−β·0 = 1

[m̃] + [ñ]∗ −−⇀↽−− [m̃+ ñ]∗ K̃ex,m
θ∗

m+n
θmθ∗

n
θW eβã ·e−β(b̃∗−b̃)m

[m]−−⇀↽−− [m̃] Km
θm
χm

(
θW
θ0

)k−1 1
θ0

e−β((ã−a)+(b̃−b)m)

[m]∗ −−⇀↽−− [m̃]∗ K∗m
θ∗

m
χ∗

m

(
θW
θ0

)k−1 1
θ0

e−β((ã∗−a∗)+(b̃∗−b∗)m)

Table 1. Overview of relevant reaction with their equilibrium constants being expressed in terms of species fractions and standard
chemical potential parameters. The terms in blue can be discarded in a diluted coacervate phase.

The standard chemical potential of a macrocycle in coac-
ervate is described by an affine function as most thermo-
dynamic contributions will be either constant or linearly
dependent on the length.34 Examples are the interaction
energy of peptide chains or with the coacervate, and the
free energy of formation. This yields,

µ̃◦k = ã+ b̃ ·k (eq. 19)

In here, b̃ is assumed to be negative arising from
favourable interactions that accumulate with length such
that macrocycles have a driving factor for formation of
larger species. The same reasoning applies to the water
phase and to linear species of various lengths. Thus for
the chemical potential of molecules,

Cyclic, water; µ◦k = a+ b ·k

Linear, water; µ◦∗k = a∗+ b∗ ·k

Cyclic, coacervate; µ̃◦k = ã+ b̃ ·k

Linear, coacervate; µ̃◦∗k = ã∗+ b̃∗ ·k

Ultimately the energetic parameters will decide on the
magnitude of the equilibrium constant for partition-
ing and disulfide exchange. For any reaction, K =
exp[−β∆µ◦], where ∆µ◦ is a function of the standard
chemical potential of the species involved. The difference
in the standard chemical potential will be the sum of the
standard chemical potential of reactants and products
multiplied by their stoichiometry, with a negative sign
for the first.
As an example, the partition reaction of a macrocycle of
size k from water to a coacervate is in equilibrium when

µk = µ̃k. From (eq. 4) one can recall that,

Kk = θk
χk

(
θW
θ0

)k−1 1
θ0

= e−β∆µ◦
k (eq. 20)

With ∆µ◦k = µ̃◦k −µ◦k. One can compute for this delta
such that ∆µ◦k = (ã+ b̃ ·k)−(a+b ·k) = (ã−a)+(b̃−b)k.
The same method can be applied to an exchange re-
actions of the form [m] + [n] −−⇀↽−− [m+n]. Equilibrium
means that µm+n = µm+µn. Then, ∆µ◦ = (a+ b · (m+
n))− (a+ bm+ a+ bn) = −a. An overview of equilib-
rium constants for the previously discussed reactions is
given in table 1. The origins of ∆µ◦ for partitioning can
be plentiful as summarized by Nakashima et al.16 De-
creased polarity in coacervates can favour hydrophobic
solutes. Charged molecules can interact with polyelec-
trolytes. These can also replace small ions meaning that
entropic gains highly contribute to the free energy re-
lease. Specific hydrogen bonding pairs can play a part
as well. A factor that disfavours uptake of large solutes
is that the mesh of the polyelectrolyte network has to be
deformed. This could contribute to the explanation that
13 fibres are formed rather than 16 stacks, whereas in
aqueous solution the latter will form. Though this phe-
nomenon is still not understood as other factors can play
a role such as fast oxidation by PDACMAC or the im-
purities in PDACMAC, consuming all linear species and
disallowing exchange reactions, hence preventing hex-
amer formation in the first place.10

In going from a 1D description to multiple dimensions, it
appears that the parameters in the function of the stan-
dard chemical potential shift.34 The calculations have
not been repeated while including a factor that takes into
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account the increased degree of freedom for oligomers to
fold. Therefore, the magnitude of the translation of the
parameters is not known.

Exponential distribution
Assuming equilibrium over oligomers that can intercon-
vert via the reaction [m] + [n] −−⇀↽−− [m + n] enables to
write the distribution of species as an exponential func-
tion of form χl =ABl−lmin , where lmin is the minimum
length of a species and A and B are constants.34,36 This
is the only function that satisfies the conversation of
number of monomers in the reaction. As an example,
let us look at the macrocycle distribution in water for
which χl = ABl−3. lmin = 3 as cyclic dimers are not
possible. At equilibrium,

K = χm+n
χmχn

(eq. 21)

The exponential distribution will results in,

K = ABm+n−3

ABm−3ABn−3 = B3

A
(eq. 22)

The length contribution cancels due to the fact that ex-
ponents add up when multiplied. This means that K
does not have a length dependence and that should be
the case for this reaction (table 1). A linear function
χk =A+B ·k would not yield the same result as the nu-
merator and denominator contain either a sum of lengths
B(m+n) or a product and sum (ABm+ABn+B2mn).
Regarding that K is equal for all reactions, this would
mean that A or B has a length dependence and this can-
not be true as they are constants. Another reason to be-
lieve that the exponential form is the correct description

comes from the fact that if it were not and another func-
tion would fit the conversion criterion, then the system
has descriptions for multiple states for thermodynamic
equilibrium and this cannot occur.

For a diluted medium the parameters in the distribution
can be found algebraically. For the smallest species, l =
lmin hence χlmin

=AB0 =A. From (eq. 22) it is appar-
ent that B = (AK)1/3. The macrocycle distribution in
water is therefore described by χl = χ3((χ3K)1/3)l−3 =
K−1(χ3K)l/3. For any exponential, A is the fraction
of the smallest species in the series and as such is an
indication for the content of the system. B is the ra-
tio of two consecutive species χl+1/χl and is a measure
for the prevalence of larger species. B is always smaller
than 1 to ensure that fractions are convergent to zero for
large l. The magnitude gives insight into how fast zero
is approached. An example on what a distribution looks
like is shown in figure 13. Figure 14 displays a mixture
of macrocycles of different sizes made from a monomer
that is similar to 1. Although the distribution is not per-
fectly exponential for small cycles, the experiment shows
signs for the use the above-described function. An ex-
planation could be that for rings larger than seven, the
addition of a monomer contributes purely linearly to the
energy. For smaller cycles, specific configurations could
occur in one that are not possible for others, thus de-
creasing its energy disproportionally.

The exponential function applies to cyclic and linear
species, in both phases. For linear molecules the func-
tions are χ∗l = CDl−1 and θ∗l = C̃D̃l−1, for water and
coacervate, respectively. It also applies when saturation

Figure 13. Visualization of a distribution as follows from
the fact that the macrocycle distribution is described by an
exponential function.

Figure 14. Exponential distribution of macrocycles derived
from a similar monomer. Image taken from ref. [35].

12



effects are considered as again the length dependence
cancels. However the previous derivation for obtaining
B, and from there an exact expression, does not work
since the equilibrium constant includes θW . The details
and how to use the distribution function are discussed
later and in the appendices.
A final note on the use of exponential functions is that it
allows one to find expressions for the total mass and total
number of species, quantities that are relevant for find-
ing θW and θ0 and working with linear oligomers. Those
involve infinite sums over all fractions. These sums have
exact solution and are shown in (eq. 23) and (eq. 24).
These are applied throughout the subsequent sections.

∞∑
l=k

xl = xk

1−x (eq. 23)

∞∑
l=k

l ·xl = xk(k− (k−1)x)
(x−1)2 (eq. 24)

Application of the model
The exponential distribution can be used to gain insight
into the distribution of species in the solvent and coac-
ervate. Especially the parameters B, D, B̃ and D̃ since
these are the ratio of two consecutive species with size.
One could attempt to solve analytically for certain quan-
tities (distribution as function of total material, B/B̃ or
others depending on the purpose) however this is very
limited. However it is possible to obtain results from the
above discussed thermodynamics and this is shown for
some scenarios but first the limitations are elaborated.
When one would like to solve for the fraction of a trimer,
and then imply the other fractions, as a function of the
total mass, (eq. 24) is used. Even for a single phase and
one type of species this is algebraically not solvable since
k = 3 and x=B = (χ3K)1/3. If a second phase or linear
species are included the sum of terms complicates it even
more. In order to work around this, all exponential pa-
rameters are expressed in terms of one of them and this
is then solved. For this B is a natural reference point as
it is the distribution of macrocycles in the solvent phase.
From this the other parameters can be derived. A de-
tailed description is shown in the appendices.
This method is only applicable when all phases are in a
dilution limit. When this is not the case, the equilibrium
conditions for interconversion and partitioning contain
additional terms accounting for the limited number of

configurations (table 1). θW and θ0 are dependent on all
species in the mixture. In principle, what this means is
that in order to know the ratio of two species one must
know them in advance to solve for θW and θ0. One could
express them in terms of distribution parameters but any
attempt to manipulate those equations, even for qualita-
tive phenomena only, did not succeed. When the model
will be expanded to more than one building block, and
so introducing more species that are dependent on one
another, it is essential to find different methods or new
merits to describe a system while considering saturation
effects. Perhaps similar effects are described in the liter-
ature but this has not been investigated yet. For now to
work around this problem, only one phase is considered
in which saturation occurs.
For a distribution of macrocycles in water and coacer-
vate, B̃/B = e−β(b̃−b). b̃− b is the extent to which the
linear contribution to the standard chemical potential of
a macrocycle is more favourable in the coacervate com-
pared to water. It is expected that the length depen-
dence in a coacervate is stronger as the less polar environ-
ment allows the cycle to fold more freely as the hydropho-
bic parts of the molecule do not have to be screened.
Also, the rings can release charge free energy upon par-
titioning, a contribution that increases with size. Even
when this difference is only 1 kbT to 3 kbT , B̃/B ranges
from 3 to 20 and thus larger species become more preva-
lent in the coacervate compared to water. Another way
to view it, is by considering how the fraction of a cy-
cle relative to the total number increases in going from
water to coacervate, i.e.

Ql =
θl/(

∑∞
i=3 θi)

χl/(
∑∞
i=3χi)

(eq. 25)

Figure 15 shows Ql as a function of b̃− b and the ring
size. Even for differences for b of only 2 or 3 kbT , the
presence of a macrocycle in a coacervate relative to sol-
vent can increase with 1 to 3 orders of magnitude.
Next, it is interesting to be able to include linear species
as they might contribute to fibre growth. This growth
is not completely understood. A proposed mechanism
is that the a macrocycle of the same size as the fibre
diffused onto one of the ends. It is also possible that
the ends act as a template onto which smaller linear and
cyclic species diffuse. Lastly, adsorption of species on
the sides of the fibres can concentrate them before they
diffuse to the ends. If linear species turn out to be rel-
evant for the mechanism, it is useful to include them in
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Figure 15. For small difference in the linear component of
the standard chemical potential, Ql can become several order
of magnitude.

Figure 16. As the oxidation level increases linear oligomers
are converted to ring structures and the distribution is pushed
towards larger species. For model parameters see text.

Figure 17. In a dilution limit B̃ increases with larger Ã such
that a distribution is moved towards larger cycles for more total
mass. A saturated phase experiences a maximum in Ã limiting
the amount of trimer. In here, K = K̃.

Figure 18. Saturation behaviour causes the distribution to be
pushed towards larger as the oxidation level increases. In here
K̃ = 2.7 and the 1 eq. to the number of sites is 0.9.

the model. For instance, if linear oligomers attaches to
the end of a fibre in the template mechanism, the longer
it is, the stronger the interaction and the less likely it is
to detach. Also, a linear species is more flexible that a
cycle to fit on the fibre end, especially if the cycle is not
of the same size as those of the fibre.

Figure 16 shows the exponential parameters as a func-
tion of the oxidation level. The oxidation level is the
number of disulfide bond over the sum of disulfide bonds
and dithiols. It is apparent that upon oxidation of the
system, the distribution is pushed towards larger species.
At low oxidation level this increases more quickly before
becoming roughly linear. For this set of parameters, it is
clear that for energetically unfavourable species (water
phase or linear) the distribution is mainly concentrated

towards small molecules (small B).

The input parameters are as follows. The total mass
is 1 mM monomer equivalent in a water phase of 1.39
M. The water concentration is lowered by 40 times as
a rough estimate of the size difference between 1 and
H2O, in principle considering 40 H2O molecules as one.
φ = 10−5 since that is the order of magnitude derived
from monomer partitioning. The constant term of the
standard chemical potential for cyclic and linear is 2 kbT
in water and 1 kbT in coacervate. This is relatively small
reflecting the fact that most energetic effects will scale
with length and changes by 1 or 2 kbT do not change
the results. More importantly are the length dependent
terms. These can be changed according to experiment
data or to compare building blocks. For now, b is set to
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2.5 kbT , roughly equal to the binding energy of two pep-
tide chains.15 In a coavervate this is more favourable by
2 kbT . For linear species b∗ = 1 kbT based on that pep-
tide interactions constrain the flexibility of the molecule
more than for a cycle.
In order to get insight into the energetics and to the
extent that the model resembles experiments, measure-
ments of species in water and coacervate can be done.
UPLC allows to determine the concentration of all
species, to the extent that they are present in sufficient
amounts. From the degree of cyclic species and linear
oligomers, the oxidation level is apparent and the ratio
of consecutive species can be fitted. If only monomer
and cyclic trimer can be measured (i.e. A, C, Ã and C̃)
it is also possible to study their behaviour as a function
of oxidation level.
From figure 16 it is apparent that for the water phase
only monomers and cyclic trimers are present. This
could hinder the formation of hexamer stacks that com-
monly form.8,15 In the absence of coacervates, other cy-
cles and linear oligomers would be present as well (see
appendices), potentially enabling the nucleation of hex-
amers into a stack of two before growing into large fi-
bres. In the presence of coacervates only small species
are present and it is highly unlikely for two hexamers to
nucleate. Even if if occurs new building blocks for fibre
growth are small making templating and adsorption on
the sides less strong. The likelihood for a new hexamer
to stack is even smaller.
Lastly, saturation effects are considered. For a diluted
phase B̃ increases with Ã, effectively saying that when
the total mass increases, the distribution goes to larger
species. However, for a phase subject to saturation, this
cannot occur as at a certain point all sites are occupied.
Hence, Ã is limited by the maximum fraction that the
trimer can have, also visible in figure 17. It is expected
that for B̃ at Ãmax, θ0 = 0 as this is the number of
remaining solvent molecules. From the figure in the ap-
pendices, it is clear that this is not the case. θ0 = 0 at
larger B̃ suggesting that for some Ã two values for B̃ are
possible. The nature of this is not further looked into.
This could limit a measurement of Ã at saturation as it
is not known whether the maximum is obtained or the
one for B̃ at which θ0 = 0. However, this different is not
very large so from a measument of Ãsaturation, if B̃ is
known, K̃ can be determined or vice versa.
Saturation effects pushes the distribution to larger

species. From figure 17 it is apparent that for a certain Ã,
B̃ is higher compared to dilution. This effect is stronger
close to saturation. This can also be deduced from the
equilibrium condition in table 1. For a cyclic exchange
reactions, θW is included. This is between zero and one.
Upon saturation it decreases and thus the fraction of
larger species has to increase relative to the smaller ones
to retain a constant K̃. For a system containing cyclic
and linear species, the fact that saturation favours larger
species is also the case as visualised in figure 18.

Experiments
As a matter of validation for the model and to examine
its applicability in the construction of coacervate sys-
tems, experiments can be conducted. Some ideas have
been mentioned throughout the text and listed here.
One of the experiments can be concerned with the parti-
tioning of monomer to gain insight into the small capac-
ity of coacervates. The hypothesis is that the monomers
are solely capable of replacing salt ions. To test this, the
partitioning of the nucleotide sequence AMP, ADP and
ATP can be measured. This should be done at similar
concentration as for 1 (0.05-2 mM) since the structure of
the molecules are similar with an aromatic end and ionic
tail. As the valency increases linearly the maximum mo-
lar occupancy of the coacervates should decrease in this
manner. Also, for these molecules again an affine func-
tion for the standard chemical potential can be proposed.
The constant contribution is related to the adenosine
while the length dependence originates from the phos-
phate groups. The partition constant can be obtained
from partition measurements, similarly as to 1. As the
molecules do not have side reactions such as oxidation, it
is reliable to measure the supernatant concentration and
imply the coacervate concentration. Then the partition
constants should fit to the expression in table 1.
Solutes that are closer to the current system would be
those in which one or two lysines are replaced with a neu-
tral amino acid such as serine or glutamine. By changing
one lysine, the molecule is neutral although it still pos-
sesses charges. Then it can become apparent whether
the overall charge or the individual charges play a role.
If it is the total charge, then virtually no salt ions will
be replaced, limiting the total capacity. For the second
case, the number of charges is less, so less charge will be
replaced and thus increasing the capacity. The entropy
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gain upon partitioning decreases as less salt ions are re-
leased to the solvent, lowering the partition constant. A
completely non ionic peptide can be used as well to ex-
amine the partitioning if no charges and little polarity
is involved. It might still partition strongly due to the
less polar environment of the coacervate. This gives a
measure for the hydrophobic contribution to the free en-
ergy of partitioning. A more feasible soluble hydrophobic
molecule such as a nucleobase can be used but its nature
and size is different from peptides that it only gives an
indication of partitioning of a hydrophobic molecule.
Furthermore, a careful investigation for the exponential
distribution would be useful in order to see whether it
makes sense to use the form in future discussions. Its
validity is based upon two principles. The first is that
macrocycle interconversion is sufficiently faster than ox-
idation so that they virtually equilibrate. The second
is that the standard chemical potential is linearly de-
pendent on the size. Any deviations from this would
suggest that other processes are involved such as spe-
cific favourable folding. Another process that is recently
observed is the formation of aggregates consisting of cy-
cles of various sizes. This limits the use of experimental
data for the purpose of determining the distribution as
the measurements will also contain aggregate cycles that
are not involved in interconversion reactions. Aggregates
are observed at least for at concentrations of 500 µM of
monomer.
For this reason it is advised to do measurements at a
concentration of monomer equivalent as low as possi-
ble. Since saturation occurs at 0.3 mM, a good starting
point would be 0.1 mM. Both the composition in water
and coacervate should be monitored. The model suggests
that for the water phase almost only monomer and cyclic
trimer are present (fig. 16). These can still be used to fit
but are less useful than B and D. So obtain knowledge
about the system in water, it could prove more useful
to not include coacervates. However, this could in turn
cause the formation of aggregates and a comprehensive
experiment of the entire system is more elegant.

Conclusion
This study presents a thermodynamic model for the
partitioning of self-replicator building blocks and their
oligomers. Statistical thermodynamics is a useful tool to
describe partitioning of these species into complex coac-

ervates. It allows to extract energetic parameters for dif-
ferent species from experimental data or to predict the
behaviour based upon input for the standard chemical
potential.
The simplest case of the model in which only monomer
partitioning is considered gives reasonable resembles
with experimental data showing that the principles of
the model are founded and suggesting that the model
can be used more generally. It appeared that monomers
were not able to occupy many of the volume of the coac-
ervate. An explanation has yet to be found but it is
proposed that the monomer is only capable to partition
into a coacervate by replacing small ions that serve for
charge neutrality or are present to maximize entropy.
Since the available volume of the coacervate is small, the
concentration of monomer is effectively larger than when
the entire volume of the coacervate is considered. This
causes the partition coefficient to be in the order of 107.
The model is extended to include macrocycles and lin-
ear oligomers. For this, it is assumed that the stan-
dard chemical potential of cyclic and linear species follow
affine functions. Then the species are distribution by an
exponential relationship. This is used to learn about the
prevalence of larger species when comparing the solvent
and coacervate phase. For macrocycles, only small differ-
ences in the linear dependence of the standard chemical
potential of 2 kbT can cause the presence of a pentamer
or hexamer relative to the total number of cycles to in-
crease 10 to 100-fold when going from solvent to coacer-
vate. This effect is even stronger when saturation occurs
in the coacervate. For a mixture of linear and cyclic
species in two phases, only the most favourable species
(usually cycles in coacervate) has the possibility for the
ratio of two consecutive rings to be much above 0.1, thus
being able to effectively form larger species. Oxidation
of dithiols causes the macrocycle and linear distribution
to push to larger species but virtually this only effects
rings in coacervates. Then B̃ can increase two-fold in
going from little to almost complete oxidation.
Experimental data can be used to make fits and extract
energetic parameters. This has not been done based on
limited useful data for the water phase and the absence of
coacervate content measurements. Careful experiments
on the determination of the composition in water and
coacervate can in the first place be used to validate the
model. If is does, it allows to extract energetic parame-
ters for different species allowing to gain insight into the
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environment in the coacervate such as the interactions
with polyelectrolytes or the effect of salt ions.
Future extensions of the model will be concerned with in-
cluding diffusion behaviour and different building blocks
in order to find the conditions for which it is possible
to form different replicators in (separate) coacervates or
in two phases. Currently it is observed that for two
replicators in water, one replicator will ”eat” the other
over time. Coacervates might allow for spatial separa-
tion of material, or ”information”, such as replicators
while smaller molecules can diffuse between coacervate
and serve for ”communication”. Both spatial separa-
tion and more building blocks increases complexity of
the system, allowing to include more functions such that
at some point a living molecular system can be made.
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1 Models monomer

To make plots and find parameters for monomer partitioning, several methods have been used. These are
outlined below. First, the formulae for plotting the observed partition constant as a function of the amount
of material relative to the number of sites in the coacervate is shown. To get Kobs over the absolute amount
of material, a different code is used. Finally, the code for finding fit parameters is shown.

1.1 General formula

The most basic description of the system is that one molecule FK is of similar size as a water molecule and
that they can replace one another between a coacervate and the solvent.

1 (aq) + H2O (co)
∆µ−−⇀↽−− 1 (co) + H2O (aq) (eq. 1)

For this reaction, a simple formula can be derived from statistical thermodynamics as shown in (eq. 2).

K =
ñ(M −m)

m(N − ñ)
≈ ñM

m(N − ñ)
=

ñM

m(φM − ñ)
(eq. 2)

In here, ñ and m are the number of FK in coacervates and water, respectively. N and M are the number
of active sites in coacervates and water. (M −m) is approximated as M since M >> m. Since the model is
not elaborate at this point, this approximation is not applied yet.
This formula is rewritten and both sides are divided by n2,

ñ(M −m) = Km(N − ñ) (eq. 3)

/n2

⇒ γco

(
M

n
− γaq

)
= Kγaq

(
N

n
− γco

)
(eq. 4)

With γx = nx/n describing the fraction of FK that resides in medium x. The formula is rewritten in terms
of n/N and M/N such that the system can be described based on the amount of FK added relative to the
number of sites in coacervates and the amount of water sites relative to coacervates sites, respectively. This
leads to (eq. 5).

γco

(
M/N

n/N
− γaq

)
= Kγaq

(
1

n/N
− γco

)
(eq. 5)

This equation can be solved in terms of γco and γaq since their sum equals 1. From this the observed partition
coefficient, Kobs, can be determined,

Kobs =
xco
xaq

=
ñ/N

m/M
=
γco · n/N
γaq · n/NM/N

(eq. 6)

The set of equations (eq. 5) and γco + γaq = 1 are solved using the SymPy option solve (imported as
solve1). The corresponding code is shown in figure 1. This is used to make Kobs, n/N -plots.

1.2 Comparison with experiment

In order to calculate Kobs as a function of n (eq. 2) is rewritten. Since Kobs = xco/xaq, expressing (eq. 2) in
terms of xco, while using that xaq = n/m−φxco, results in (eq. 7) that is solved using sympy.solvers.solve.

n∗(M −m) = Km(N − n∗)⇒ xco(
1

φ
− n

φM
+ xco) = K(

n

φM
− xco)(1− xco) (eq. 7)
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Figure 1. Code that is used to calculate the observed partition constant in terms of relative amount of material and sites.

Figure 2. Code for calculating Kobs as a function of n, K and φ.

Finding fit parameters

In order to find fit parameters for K, φ and ζ, the expression for K is rewritten into a function for m in
(eq. 8) and (eq. 9). Fit parameters are found using the SciPy option curve fit (imported as nlfit) (fig.
3,4). An initial guess is provided in p0.

K =
ñ(M −m)

m(φM − ñ)
≈ ñM

m(φM − ñ)
⇒ m =

ñM

K(φM − ñ)
(eq. 8)

K =
ñ(1− (ζ − 1) ñ

φM )ζ−1

mφ(1− ζ ñ
φM )ζ

⇒ m =
ñ(1− (ζ − 1) ñ

φM )ζ−1

Kφ(1− ζ ñ
φM )ζ

(eq. 9)

Figure 3. Code for finding fit parameters when a monomer is regarded the same size as a water molecule.

Figure 4. Code for obtaining fit parameters while taking into account the size of a monomer compared to H2O.
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2 Experimental data

Monomer partitioning has been monitored at different concentrations for various times after addition. The
resulting capacity factors are shown below in a table and plot. The green line in the plots relates to the
highest value of monomer in coacervate (ñ) from the data points.

Monomer conc. (mM) 0.05 0.2 0.5 1 2

10 min. 257.200 385.377 3.85373 1.92478 0.760010

60 min. 123.627 67.0081 5.90268 2.87115 1.77135

180 min. 265.973 32.7331 7.19788 7.23095 1.62095

1 day – – 12.3715 4.57195 1.99366

2 days 577.557 867.460 30.7231 2.47558 0.100741

Table 1. Capacity factor for different concentrations of monomers, measured at various time scales after addition of
monomer.

4



Figure 5. Capacity factor measured 10 minutes after
addition of monomers.

Figure 6. Capacity factor measured 60 minutes after
addition of monomers.

Figure 7. Capacity factor measured 180 minutes after
addition of monomers.

Figure 8. Capacity factor measured 1 day after addition
of monomers.

Figure 9. Capacity factor measured 2 days after addi-
tion of monomers.
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3 Macrocycle partitioning

3.1 Derivations

This section contains some of the derivations that have been mentioned rather than worked out in the main
article. The relationships are useful and might not be visible at first sight and for this reason they are derived
here.

3.1.1 Exponential relationship macrocycles

An exponential function can be used to describe the distribution of interconverting species, in this case
macrocycles and later on, linear species as well. The parameters cannot always be extracted in terms of
constants or other known values. However it is possible in the case of a species in a dilution limit. In that
case, the partition constant does not contain factors other that the concentrations of species participating
in the reaction. The following derivation regards macrocycles in water.

[m] + [n]
K−−⇀↽−− [m+n]

for k=3, χ3 = AB3−3 = A

K =
χm+n

χmχn

K ·ABm−3 ·ABn−3 = ABm+n−3

K ·AB−3 = 1

B = (AK)1/3 = (χ3K)1/3

in conclusion: χk = χ3

(
(χ3K)1/3

)k−3

3.1.2 Species distribution in water and coacervate

Similarly to the previous derivation, the dilution limit allows for more analytic expressions. Then, the
partition constant is the ratio of concentrations in two phases and the exponential parameters in one phase
can be expressed in terms of the ones in the other phase when including energetic differences. In here, it is
shown for cyclic species in water and coacervate.

Cyclic species Linear species

χk = ABk−3 χ∗k = CDk−1

Kk = θk
χk
⇒ θk = χkKk K∗k =

θ∗k
χ∗
k
⇒ θ∗k = χ∗kK

∗
k

θk = ABk−3e−β((ã−a)+(b̃−b)k) θ∗k = CDk−1e−β((ã∗−a∗)+(b̃∗−b∗)k)

θk = ABk−3e−β((ã−a)+(b̃−b)3)e−β(b̃−b)(k−3) θ∗k = CDk−1e−β((ã∗−a∗)+(b̃∗−b∗)1)e−β(b̃∗−b∗)(k−1)

θk = AK3 ·Bk−3e−β(b̃−b)(k−3) = ÃB̃k−3 θ∗k = CK∗1 ·Dk−1e−β(b̃∗−b∗)(k−1) = C̃D̃k−1

Ã = AK3 and B̃ = Be−β(b̃−b) C̃ = CK∗1 and D̃ = De−β(b̃∗−b∗)

Table 2. Using the equation for partitioning, the distribution of a species in one phase can be expressed in terms of the
distribution in the other phase. This is only applicable in the case of a diluted phase.
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4 Models macrocycles

4.1 Introduction

In the case of larger systems, i.e. more species and/or saturation, it is not always possible to derive expressions
analytically and use those in a notebook environment. For this reason, the parameters in the exponential
distributions of species can be expressed in terms of one of them and the conversion factors are determined
by the energetic parameters of the systems - which embody the input of the computation. This allows one
to solve for one parameter, infer the others and thus know all concentrations and ratios.
All species are considered to be distributed exponentially over length, both in the coacervate and water.
Parameters for cycles are A and B and for linear species C and D, a tilde indicating the coacervate phase.
Thus,

cyclic fraction in water χk = ABk−3

linear fraction in water χ∗k = CDk−1

cyclic fraction in coacervate θk = ÃB̃k−3

linear fraction in coacervate θ∗k = C̃D̃k−1

In virtually all the models that have been constructed, the parameters are expressed in terms of B, for the
sake of simplicity and clarity, as the relative distribution of macrocycles in a diluted water phase is a natural
reference frame.
In the upcoming sections, for different systems, the expressions for the various parameters in terms of B are
given. They have been applied in this form in the software.

4.2 Linear and cyclic species; Oxidation

Both linear and cyclic species have been considered. The linear species can interconvert. They can also
react with macrocycles, forming one new linear molecule. This can be considered as a reaction step in the
mechanism of ring conversion with catalytic contribution of the linear species. Relevant exchange reactions
are:

[m]∗ + [n]∗
Kex,l−−−⇀↽−−− [m-k]∗ + [n+k]∗

[m] + [n]∗
Kex,m−−−−⇀↽−−−− [m+n]∗

In the coacervate these are:

[m̃]∗ + [ñ]∗
K̃ex,l−−−⇀↽−−− [m̃−k̃]∗ + [ñ+k̃]∗

[m̃] + [ñ]∗
K̃ex,m−−−−⇀↽−−−− [m̃+ñ]∗

The equilibrium coefficient for exchange of linear species is 1, and for the cyclic+linear exchange it is
dependent on the size of the macrocycles such that Kex,m = EFm. This is shown in table 3.
The partition reactions that need to be considered are:

[m]
Km−−⇀↽−− [m̃]

[m]∗
K∗

m−−⇀↽−− [m̃]∗
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Exchange linear species Exchange linear and cyclic species

[m]* + [n]*
Kex,l−−−⇀↽−−− [m-k]* + [n+k]* [m] + [n]*

Kex−−⇀↽−− [m+n]*

Kex,l = exp[−β∆µ◦] Kex,m = exp[−β∆µ◦]

∆µ◦ = [µ◦∗m−k + µ◦∗n+k]− [µ◦∗m + µ◦∗n ] ∆µ◦ = [µ◦∗m+n]− [µ◦m + µ◦∗n ]

∆µ◦ = [a∗ + b∗(m− k) + a∗ + b∗(n+ k)] ∆µ◦ = [a∗ + b∗(m+ n)]− [a+ bm+ a∗ + b∗n]

−[a∗ + b∗m+ a∗ + b∗n] = 0 ∆µ◦ = b∗m− a− bm

hence Kex,l = 1 hence Kex,m = exp[−β(−a+ b∗m− bm)]

Kex,m = exp[βa] · exp[−β(b∗ − b)m] = EFm

Table 3. Derivation for the equilibrium constant for two different exchange reactions.

Conservation laws

Two conservation laws can be considered:

• Total mass

W = M

∞∑
l=1

l · χ∗l +M

∞∑
l=3

l · χl +N

∞∑
l=1

l · θ∗l +N

∞∑
l=3

l · θl

= M

∞∑
l=1

l · CDl−1 +M

∞∑
l=3

l ·ABl−3 +N

∞∑
l=1

l · C̃D̃l−1 +N

∞∑
l=3

l · ÃB̃l−3

W

M
=

C

(D − 1)2
+
A(3− 2B)

(B − 1)2
+

C̃φ

(D̃ − 1)2
+
Ãφ(3− 2B̃)

(B̃ − 1)2

• Total number of linear species

Z = M

∞∑
l=1

χ∗l +N

∞∑
l=1

θ∗l

= M

∞∑
l=1

CDl−1 +N

∞∑
l=1

C̃D̃l−1

Z

M
=

C

1−D
+

C̃φ

1− D̃

From the second conservation law,

C =
Z

M

(
1

1−D
+

K∗1φ

1− D̃

)−1

Oxidation level

The extent of oxidation can be defined in the following way,

oxi =
#S in RSSR

#S in RSSR + #S in RSH
=

2W − 2Z

2W
= 1− Z

W

and thus,
Z = (1− oxi)W
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Parameters

All parameters can be expressed in terms of B using the derivation described above and in section 3.1.

A =
1

E
B3 Ã = A ·K3

B = B B̃ = B · e−β(b̃−b)

C =
(1− oxi)W

M

(
1

1−D
+

K∗1φ

1− D̃

)−1

C̃ = C ·K∗1

D = B · F D̃ = D · e−β(b̃∗−b∗)

In here,
E = eβa

F = e−β(b∗−b)

K3 = e−β((ã−a)+(b̃−b)3)

K∗1 = e−β((ã∗−a∗)+(b̃∗−b∗)1)

β is incorporated in the standard chemical potentials that are expressed in terms of kbT .

Code

The previously mentioned parameters are incorporated in a code in which B will be determined and the
level of oxidation can be varied. Values for the parameters in the standard chemical potential function have
to be specified as well. The code is shown in figure 10. In here, B is found by using the conservation law for
the total mass. This only contains preset constants or B-dependent parameters. Getting all terms to the
same side of the equality means that the entire expression equals zero. A numerical approach is applied in
which B is changed until it converges. From the result, B̃, D and D̃ are also determined and this can be
done for the other parameters as well.
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Figure 10. The exponential parameters can be determined as a function of the level of oxidation if the energetic variables
are given.

Figure 11. Input parameters and plot as shown in the report.
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4.3 System at saturation

In order to analyse a system at saturation, the methods applied before do not work entirely. That is, it is
not possible to express the exponential parameters in both water and coacervate in terms of B. The issue
originates from the equilibrium condition for partitioning. In stead of solely the concentration of the species
that partitions, it also contains θW and θ0 such that,

Kk =
θk
χk

(
θW
θ0

)k−1
1

θ0

This leads to parameters that are expressed in terms of one another in a loop. That is why in this case only
one saturated phase will be considered. Then, everything can be expressed in terms of B̃.

4.3.1 Cyclic species

The equilibrium constant for the exchange reaction contains an additional term θW . This removes the
possibility to liberate B and find the function for θk as in section 3.1.1. Though, one can express A in terms
of B by considering that K is constant and given by:

K̃ =
θm+n

θmθn
θW

and

θW = 1−
∞∑
i=3

(i− 1)θi = 1−
∞∑
i=3

(i− 1)ÃB̃i−3 = 1− Ã(2− B̃)

(B̃ − 1)2

Then,

K̃ =
B̃3

Ã
· θW =

B̃3

Ã
− B̃3(2− B̃)

(B̃ − 1)2

⇒ Ã =

(
Kex

B̃3
+

2− B̃
(B̃ − 1)2

)−1

Another relevant quantity is θ0. Its derivation is similar to θW ,

θ0 = 1−
∞∑
i=3

i · θi = 1−

(
Ã(3− 2B̃)

(B̃ − 1)2

)

These expressions are implemented in a notebook. The maximum of the graph of A is found by a numerical
approach. The procedure initiates with two values for B, Bleft = 0.5 and Bright = 0.999. For the average,
B, A is calculated, as well as for B + δ, with small delta. For A(B) < A(B + δ), the average B becomes the
new Bleft, i.e. B → Bleft and for A(B) > A(B + δ), B → Bright. A new average is taken and the process
is repeated until a tolerance level of Bright −Bleft < 1E(−6) is reached.
The final code is shown in figure 12. In there, also θ0 can be calculated.

4.3.2 Cyclic and linear species

The procedure for a system of linear and cyclic species is similar to the one in the previous section. It differs
by the addition of a sum over the linear material such that,

θW = 1−
∞∑
i=1

(i− 1)θ∗i −
∞∑
i=3

(i− 1)θi

θ0 = 1−
∞∑
i=1

i · θ∗i −
∞∑
i=3

i · θi
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This results in,

Ã =

(
1− C̃D̃

(D̃ − 1)2

)(
Ẽ

B̃3
+

2− B̃
(B̃ − 1)2

)−1

θ0 = 1−

(
Ã(3− 2B̃)

(B̃ − 1)2

)
−

(
C̃

(D̃ − 1)2

)

with,

C̃ =
(1− oxi)W

M
(1− D̃)

D̃ = B̃ · F̃

F̃ = e−β(b̃∗−b̃)

Since the case is fairly similar to saturation of only cyclic species the code in figure 13 relies on the same
principles as in figure 12.

Figure 12. Code for plotting Ã as a function of B̃ in the case of only cyclic species.
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Figure 13. Code for plotting Ã as a function of B̃ when linear and cyclic species and saturation are considered.

Figure 14. Ã and θ0 as function of B̃. The maximum for Ã does not coincide with the point at which θ0 = 0
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Figure 15. Distribution parameters for cyclic and linear species in water in the absence of a coacervate phase.
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