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ABSTRACT: Coacervation has emerged as a prevalent mecha-
nism to compartmentalize biomolecules in living cells. Synthetic
coacervates help in understanding the assembly process and mimic
the functions of biological coacervates as simplified artificial
systems. Though the molecular mechanism and mesoscopic
properties of coacervates formed from charged coacervates have
been well investigated, the details of the assembly and stabilization
of nonionic coacervates remain largely unknown. Here, we describe
a library of coacervate-forming polyesteramides and show that the
water-tertiary amide bridging hydrogen bonds and hydrophobic
interactions stabilize these nonionic, single-component coacervates. Analogous to intracellular biological coacervates, these
coacervates exhibit “liquid-like” features with low viscosity and low interfacial energy, and form coacervates with as few as five
repeating units. By controlling the temperature and engineering the molar ratio between hydrophobic interaction sites and bridging
hydrogen bonding sites, we demonstrate the tuneability of the viscosity and interfacial tension of polyesteramide-based coacervates.
Taking advantage of the differences in the mesoscopic properties of these nonionic coacervates, we engineered multiphasic
coacervates with core−shell architectures similar to those of intracellular biological coacervates, such as nucleoli and stress granule-p-
body complexes. The multiphasic structures produced from these synthetic nonionic polyesteramide coacervates may serve as a
valuable tool for investigating physicochemical principles deployed by living cells to spatiotemporally control cargo partitioning,
biochemical reaction rates, and interorganellar signal transport.

■ INTRODUCTION
Coacervation is the liquid−liquid phase separation (LLPS) of a
homogeneous polymer solution into two immiscible liquid
phases: a polymer-concentrated phase (dense phase) and a
polymer-depleted phase (dilute phase). The dense phase,
commonly termed coacervate, is a weakly associated network
percolated with hydrophobic interactions, hydrogen bonding
(HB), and electrostatic interactions.1−3 The “liquid-like”
behavior of coacervates is extensively used by nature to
control and organize biological processes such as cellular
compartmentalization, extracellular matrix formation, cell
replication, and organismal underwater adhesion.4 For
example, sandcastle worms and mussels secrete coacervate-
forming adhesive proteins to achieve strong interfacial
adhesion on underwater surfaces.5−7 Delivery of polymer-
concentrated coacervates minimizes loss of the polymer into
the seawater and facilitates adhesion, positioning, and
spreading at the desired underwater site.8

In living cells, coacervation has been proposed as a strategy
to spatially organize and sequentially regulate biochemical
activities in membraneless organelles including nucleoli, stress
granules, and nuclear speckles.9 In the absence of a confining
membrane, living systems must use a plethora of nucleic acid

and protein chemistries in membraneless organelles to perform
spatiotemporally regulated biochemical reactions. The pre-
requisite of cellular homeostasis while regulating crucial
biochemical reactions often necessitates highly complex
protein and nucleic acid chemistries�making the character-
ization of the underlying molecular details in membraneless
organelles rather challenging. Therefore, simple systems that
replicate the structural and molecular diversity of coacervating
biomacromolecules in living systems are required for the
exploration of underlying coacervation mechanisms and for
making functional mimetics of complex membraneless
organelles.9

Advances in molecular biology techniques have enabled the
creation of biological coacervates that can be formed, altered,
or disrupted through engineering molecular interactions by
altering the amino acid sequence,10−13 charge density,12,14−16
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hydrophobicity,17,18 and oligomerization19−21 of biomacromo-
lecules.22−25 An alternative strategy to investigate the
mesoscopic properties of biological coacervates is to use
synthetic coacervates as a simplified model. In recent years, the
materials family for such model coacervates has expanded from
proteins and nucleic acids to synthetic polyacrylates,26

polyesters,8,27−29 and peptides.16 However, most of these
synthetic coacervates are classically prepared from oppositely
charged polymers, which can be unstable at high ionic strength
and at extreme pH ranges.11,30,31 While there have been
reports on single-component coacervation of proteins,7 nucleic
acids,32 and synthetic polymers,33,34 the progress toward a
molecular-level understanding of how phase behavior is
encoded in the chemical structure is limited compared to
charged polymer coacervates. Therefore, there is a need for a
simple single-component system with an atomistic resolution
of the origin of coacervation and tuneable phase behavior to
engineer charge-free “nucleoli-like” functional multiphasic
coacervates.
Previously our laboratory had reported a library of

coacervate-forming, nonionic polyesteramides synthesized via
step-growth polymerization of diacids and N-functionalized
diols.28,29,35 Though the step-growth polymerization used for
their synthesis offers easy preparation and scalability, the
synthesis method has poor control over the monomer
distribution, end group functionality, and molar mass (Mn).
These shortcomings hamper an in-depth study of the phase
behavior and structure−property relationship of polyester-
amide coacervates.34,36 ROP-derived polyesteramides have
superior control over Mn, narrow Mn distribution, and a better
handle on the polymer architecture. Herein, we prepared
nonionic coacervate-forming polyesteramides using ring-open-
ing polymerization (ROP) of N-acylated-1,4-oxazepan-7-ones
with a diversity of side-chain chemistries. Indeed, we found
that some of the ROP-derived polyesteramides demonstrated
lower critical solution temperature (LCST)-type coacervation,
where they are miscible with water at low temperatures and
phase separate into two liquid phases at a higher temperature.
Oftentimes, LCST is thought to be driven by hydrophobic
interactions, as demonstrated for poly(N-isopropylacrylamide)
(PNIPAM) and poly(2-isopropyl oxazoline).37,38 However,
based on the tailored molecular structure, temperature-

dependent Fourier transformation infrared (FTIR) spectros-
copy, and atomistic molecular dynamics (MD) simulation of
the polyesteramides, we found that in addition to hydrophobic
interactions, water-bridged HB acts as a catalyst for the
coacervation. By comparing polyesteramides with identical side
groups but different backbone chemistries, we also show that
the phase behavior of coacervates can be tuned by the
temperature and the ratio of hydrophobic to water-bridged HB
sites. The coacervates made from polyesteramides in water
showed low viscosity and low interfacial tension. Similar to
biological coacervates, these polyesteramide coacervates form
multiphasic coacervates when coacervates with distinct
interfacial tensions are mixed. We propose that these
polyesteramide coacervates with atomistic precision on
material properties and phase behavior are a simple model
that can reconstitute the mesoscopic properties and physio-
logical functions of biomolecular coacervates.

■ RESULTS AND DISCUSSION
Design and Synthesis of Polyesteramides Using ROP.

Synthetic coacervates, inspired by biological coacervates, are
typically made from polypeptides22,34,39,40 and polyacry-
lates.30,41−43 Polyesteramides44 are excellent analogues of
polypeptides for creating synthetic coacervates because of
their scalability, potential for biorecognition,45,46 hydrolytic
degradability,47 and broad availability of N-substituted side-
group chemistries, including peptide-like pendent groups.48,49

Previously, Swanson et al. reported coacervation behavior in
polyesteramides synthesized from step-growth polyesterifica-
tions between N-functionalized diethanolamides and linear
dicarboxylic acids.28,29 In aqueous media, a large library of
these polyesteramides showed LCST behavior, and above their
respective critical temperature, the homogeneous polyester-
amide solutions displayed LLPS to form dense and dilute
phases.8 However, the step-growth polymerization method has
minimal control over the Mn and forms polymers with broad
Mn distributions (polydispersity = 1.6−2.3),50,51 which makes
it challenging to determine the molecular parameters for
coacervation.
The ROP of 1,4-oxazepan-7-ones (OxP) developed by

Wang52 offers an alternative to the polyesteramide synthesis
with controlled Mn and Mn distribution. The OxP monomers

Scheme 1. Synthesis Scheme of N-Functional Poly(1,4-oxazepan-7-one)s (Px, where the Subscript x Denotes the Side Group)
a

aSteps: (i) synthesis of acyl chlorides (conditions: thionyl chloride, 0 °C to R.T., 6 h), (ii) amidation reaction (conditions: 4-piperidone
hydrochloride monohydrate, potassium carbonate, dichloromethane, R.T., 24 h), (iii) Baeyer−Villiger oxidation (conditions: 3-
chloroperoxybenzoic acid, dichloromethane, R.T., 24 h), and (iv) ROP (conditions: triazabicyclodecene, dichloromethane, benzyl alcohol, R.T.,
10 min).
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were obtained by (i) preparation of the acyl chloride, (ii)
amidation of 4-piperidone with the acyl chloride, and (iii) ring
expansion by Baeyer−Villiger oxidation (Scheme 1). The ROP
of the OxPs was performed with an organocatalyst
(triazabicyclodecene) at room temperature (Scheme 1, see
the Supporting Information for details). We developed OxP
homopolymers (Px) with various groups, such as 3-
ethoxypropyl (EtOPr), 3-methoxypropyl (MeOPr), and
isobutyl (iBu). The subscript x of Px indicates the side group
of the polyesteramide homopolymers. For example, PEtOPr
represents poly(1,4-oxazepan-7-one) with a 3-ethoxypropyl
pendent group. The synthetic scheme and procedures are
shown in Scheme 1 and in the Supporting Information.
Polymers with well-documented LCST behavior such as
PNIPAM,53 oligo(ethylene glycol) functionalized polyacrylates
(POEG),54 and polyoxazolines55 inspired the design of
polymers with isobutyl (PiBu, PNIPAM-like) and ethoxypropyl
(PEtOPr, POEG-like) pendant functional groups.
Determination of LCST-Type Coacervation of Poly-

esteramides in Water. Turbidity measurements in deionized
(DI) water across 0−100 °C were used to determine the phase
separation behavior of the polyesteramides. The polymers PEt
and PMeOPr were fully soluble in water, whereas PMA, PBoc, and
PC10 were insoluble in water in the temperature and
concentration ranges tested. Interestingly, both PiBu and PEtOPr

were soluble in water at lower temperatures (<4 °C for PiBu
and <26 °C for PEtOPr) and showed an LCST-type phase
transition at higher temperatures (Figure 1B). The turbidity
measurements were followed with fluorescence microscopy to
evaluate the coacervate behavior of the turbid phase above the
LCST. We found that both polymers formed microscopic
droplets (Figure 1A). Upon contact with each other, these
droplets coalesced and relaxed into a spherical shape to
minimize their surface tension. The coalescence of two dense
phase microdroplets was completed within one second for
both PiBu and PEtOPr (Figure 1D, Video S1, Video S2). The
ability of dense phases to fuse and coalesce confirms their
liquid-like behavior and their ability to undergo LLPS in water
above LCST.34,56−58

Coacervation has been reported to be driven by HB,
hydrophobic interactions, cation−pi, and pi−pi interactions.59

Here, we investigated the driving forces that determine the
coacervation of polyesteramides by FTIR and simulation.
PEtOPr was chosen as a representative example because of its
accessible phase-transition temperature (Tcp of PEtOPr = 30.2
°C, Mn = 24 kDa). To simplify the system and minimize the
effect of end groups on coacervation, we examined the
dependence of the chain length on the Tcp. We took advantage
of ROP for the excellent control of the Mn of the
polyesteramides and examined the dependence of the Tcp on

Figure 1. (A) Representative microscopic visualization of the LCST behavior of PEtOPr (Mn = 24 kDa) and its corresponding transmittance
(measured from turbidimetry at 600 nm). With the increase of temperature above 26 °C, the clear solution turns turbid, accompanied by the
formation and growth of immiscible microdroplets. (B) LCST behavior of PiBu (Mn = 13 kDa) and PEtOPr (Mn = 24 kDa) in DI water. Turbidity was
determined for individual polymer solutions at a concentration of 10 mg/mL from transmittance measurements at 600 nm using UV−vis
spectroscopy. The cloud point temperature (Tcp) was determined as the temperature at 50% transmittance, as denoted by the red dashed line. (C)
LCST behavior of PEtOPr polymers with a varying number of repeating units (number of repeating units = 5, 8, 9, 11, 14, and 111) in DI water.
Similar protocols to those in Figure 1B were followed for turbidity measurements and Tcp determination. (D) Coalescence event of rhodamine B-
conjugated PEtOPr droplets (Mn = 24 kDa, concentration = 10 mg/mL) was observed with fluorescence microscopy at 35 °C. The time (t) on the
bottom right of each image indicates the actual time in the original videos (1× playing speed). The dashed red circle highlights the droplets in
coalescence (see Video S2).
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the chain length of PEtOPr. Here, by controlling the feed ratio of
the monomer to the initiator, PEtOPr with 5−111 repeating
units were prepared. The number of monomers per chain was
characterized by the ratio of characteristic 1H NMR peak areas
(Figure S1). Notably, we observed an abrupt increase in the
Tcp as the number of repeating units decreased below 8. This
behavior may be originating from the dominance of polymer
end group-driven interactions and switching between inter-
molecular (e.g., polymer chain A with polymer chain B)
interactions to intramolecular interactions at smaller chain
lengths. For the FTIR study, we chose PEtOPr with 111
repeating units (Mn = 24 kDa) due to its accessible Tcp. A small
shift of Tcp from 14 to 111 repeating units allows us to use
PEtOPr with 14 monomers as a minimal system in the
simulation to capture the behavior of PEtOPr with longer chains
under experimental conditions. Note that PEtOPr can exhibit
LLPS behavior down to about five repeating units, Mn ∼ 1.1
kDa (Figure 1C)�making it one of the smallest molecules
with LLPS behavior.22,34,60−62

Characterization of the Driving Forces for the
Coacervation of Polyesteramides. Temperature-depend-
ent FTIR spectra of 10 wt % PEtOPr (Mn = 24 kDa) in D2O
were collected to investigate the driving forces of the

coacervation.10,39,63 The spectra were collected at temperatures
from 20 to 50 °C with a step interval of 2 °C. Also, D2O was
used instead of H2O to eliminate the FTIR spectral overlap of
the δ(OH) band of water at ∼1640 cm−1 with the ν(C�O)
bands from the polyesteramide backbone. The ν(C�O)
bands from 1525 to 1800 cm−1 that probe carbonyl groups
from both tertiary amide (ν(C�O)A) and ester (ν(C�O)E)
functional groups of the polyesteramides (Figure 2A) were
used for a detailed analysis. The ν(C�O) region (1525 to
1800 cm−1) is populated with several IR stretching modes such
as (0-HB)A, (bridge-HB)A, (n-HB)A, (0-HB)E, (bridge-HB)E,
and (n-HB)E. 0-HB represents carbonyls with no HB, whereas
n-HB denotes carbonyls HB with one or more water molecules
and bridge-HB represents carbonyls HB with another HB site
through water bridges (Figure 2C). The subscripts A and E
represent C�O from amides and esters, respectively. We
deconvoluted the carbonyl region with Gaussian fitting64 to
assign each stretching mode.
Figure 2B shows the dissection and peak assignment of the

crowded ν(C�O) region at 30 °C with the best fitting (R2 >
0.995). For PEtOPr in D2O at 30 °C, the ν(C�O)A bands were
fitted with three sub-bands centered around 1596, 1611, and
1631 cm−1. Because the ν(C�O)A band of dry solid PEtOPr

Figure 2. Temperature-dependent FTIR spectra of PEtOPr. (A) Baseline-subtracted ν(C�O) bands of PEtOPr (10 wt % in D2O) at 20−50 °C and as
a dry solid PEtOPr at 20 °C. (B) ν(C�O) bands (solid lines) and sub-bands (broken lines) of PEtOPr (10 wt % in D2O) at 30 °C. Each sub-band is
assigned as follows: 1596 cm−1 for (n-HB)A, 1611 cm−1 for (bridge-HB)A, 1631 cm−1 for (0-HB)A, 1702 cm−1 for (bridge-HB)E, and 1726 cm−1 for
(0-HB)E. (C) Visualization of all ν(C�O)A and zoomed-in snapshots of (bridge-HB)A presented in the final configuration (time = 180 ns) of
polymer chains in the water system at 360 K from atomistic MD simulations (oxygen atoms: red spheres; hydrogen atoms: white spheres; and
polymer chains: red, purple, and cyan sticks and lines). (D) Visualization of ν(C�O)E and zoomed-in snapshots of (bridge-HB)E are presented in
the same MD simulation as that in Figure 2C. ND: not detected in the system.
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with no HB (there are no HB donors in dry conditions) was
observed at 1635 cm−1, the sub-band in the spectra of
polyesteramide solutions at 1631 cm−1 was assigned to (0-
HB)A (amide carbonyl with no HB). Atomistic MD simulation
of 10 chains of PEtOPr (number of repeating units = 14) in
20,000 water molecules showed the presence of (0-HB)A,
(bridge-HB)A, and (n-HB)A in the system (Figure 2C).
Additionally, at all temperatures, the average O···H distance
of (bridge-HB)A is shorter than that of (n-HB)A (Figure S2).
Therefore, the carbonyl of (bridge-HB)A has a less double
bond nature, lower bond strength, and higher wavenumber
than that of (n-HB)A. Based on the MD simulation results, the
sub-bands 1611 and 1596 cm−1 were assigned to (bridge-HB)A
and (n-HB)A, respectively. Similarly, the ester carbonyl ν(C�
O)E bands were fitted with two sub-bands that peak at 1726
and 1702 cm−1, and these were assigned to (0-HB)E and
(bridge-HB)E, respectively (Figure 2D). The descending order
of amide peak positions: (0-HB)A (1631 cm−1) > (bridge-
HB)A (1611 cm−1) > (n-HB)A (1596 cm−1) observed for
PEtOPr followed the same trend as previously reported studies
on poly(2-isopropyl-2-oxazoline).38,65 The absence of (n-HB)E
in MD simulations and the relatively smaller area of (bridge-
HB)E in the total area of esters in ν(C�O)E in FTIR indicate
that ester groups are weaker HB acceptors than tertiary amides
in our polyesteramides. The excellent HB nature of tertiary
amides is also confirmed by MD simulations, which show that
the majority of bridge-HB is contributed by tertiary amides
over esters and ethers. The number of bridge-HB between
tertiary amides is three times that of esters and ethers (Figure
S3).
To provide a quantitative framework for the molecular

origin of the LLPS of PEtOPr, the temperature-dependent shift
of the ν(C�O) peaks and the normalized area of the
deconvoluted carbonyl bands were determined (Figure 3).
With the increase in temperature, the wavenumber and the
normalized area of all carbonyl groups in PEtOPr show three
distinct regions: (i) an initial plateau region (<27 °C), (ii) a
broad transition region at the onset of LCST (27−40 °C), and
(iii) a second plateau (>40 °C). The onset of LCST of
PNIPAM has previously been reported as a relatively sharp
transition (32−37 °C).37,66 Okada and Tanaka suggested that
the presence of the hydrophobic isopropyl group hinders HB

between water and secondary amides on PNIPAM.67 Also, the
water in the polymer hydration layer of PNIPAM is
energetically favored to form hydrogen bonds with neighboring
water to establish a highly cooperative water network. Upon
temperature elevation above LCST, PNIPAM loses the
strongly cooperative water network surrounding the polymer
chains and forms intramolecular hydrogen bonds between
secondary amide groups.37,67 In Okada’s model, the transition
becomes sharper with an increase in water cooperativity.
Unlike PNIPAM, tertiary amides in PEtOPr are not sterically
hindered by hydrophobic groups and are free to form
hydrogen bonds with water. This competes with water−
water HB, disrupts the cooperativity of the hydration layer, and
forms a weakly coordinated network. The broad LCST
transition of PEtOPr originates from the relatively slow
dehydration of weakly coordinated hydration layer and weak
polymer−polymer interactions.
As the temperature increases, the (n-HB)A shifts to lower

wavenumbers while the (0-HB)A and (bridge-HB)A shift to
higher wavenumbers (Figure 3A). The shift in carbonyl peak
positions during heating is an indication of changes in
hydration degree and chain conformation of polymers with
LCST.37,68 One possible scenario for this behavior is that (n-
HB)A becomes more hydrated to stabilize the dehydrating (0-
HB)A and (bridge-HB)A and prevent the precipitation of
polymers. Notably, we observed that the normalized area of
(bridge-HB)A increased while the normalized area of (0-HB)A
decreased (Figure 3B), indicating that during the heating
process, (0-HB)A gradually transforms into (bridge-HB)A.
Therefore, bridge-HB serves to stabilize the weakly associated
polymer−water network, which is a visualization of the
coacervate microstructure. Compared to the amide functional
groups, the ester groups in the polyesteramide backbones
undergo a slightly different process during the phase
separation. We observed that the percentage of the (bridge-
HB)E population grows (Figure 3B) but the (bridge-HB)E
becomes more hydrated (Figure 3A). This can be attributed to
the poor hydration of esters at temperatures below the LCST.
During heating, some of the (0-HB)A transitions to (bridge-
HB)A by moving to the polymer−water interface from the
hydrophobic region along polymer chains. During heating,
ν(C−H) sub-bands (Figures S4 and S5) blue-shifted,

Figure 3. Temperature-dependent shift of (A) wavenumber maxima of ν(C�O) sub-bands. (B) Normalized area (A %) of ν(C�O) sub-bands.
The area of each C�O is normalized to the total area of the C�O of tertiary amides or esters. For example, A % of ν(C�O···D−O−D)A is equal
to the area of ν(C�O···D−O−D)A divided by the total area of ν(C�O)A. The vertical red dashed line indicates the Tcp of PEtOPr in D2O. Three
distinct regions: an initial plateau, a transition region, and a second plateau are observed in ν(C�O) sub-bands that were affected by coacervation.
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indicating the dehydration of alkyl groups. Together with the
dehydration (red-shift in FTIR) of (0-HB)A and (bridge-HB)A
amides, hydrophobic interactions also serve as the driving force
for LLPS.
Coacervate Structure-Mesoscopic Physical Property

Relationships. After confirming the role of bridging HB and
hydrophobic interactions in driving the coacervation of
polyesteramides, next we investigated the structure−property
relationship of this multi-interaction-driven coacervation. Here,
C2−E0, C4−E1, and C6−E2 polymers with the same Mn were
synthesized using cationic polymerization, ROP, and step-
growth polymerization, respectively (Table 1 and Scheme S1).

The polymer nomenclature Cm−En in Scheme 2 describes
that there are m alkyl groups and n esters in the backbone of

each repeating unit. These polymers share the same 3-
ethoxypropanoyl amide (EtOPr) side group but vary in the
numbers of alkyl and ester groups in the backbone of the
repeating units. Note that C4−E1 has the same polymer
structure as PEtOPr. Further discussion will use C4−E1 instead
of PEtOPr to emphasize the differences in backbones among
polyesteramides. According to our FTIR studies and atomistic
MD simulations, the alkyl groups are defined as major
hydrophobic groups and tertiary amides are major HB sites,
and hence, they contribute to hydrophobic interactions and
bridging HB, respectively. At the sameMn, the ratio of bridging
HB sites and hydrophobic sites should follow the order
depicted in Scheme 2, which allows us to correlate the

interplay of bridging HB and hydrophobic interactions on the
properties of the coacervates.
First, the LLPS nature of the three polymers was confirmed

by turbidity measurements and coalescence experiments
(Videos S2, S3 and S4). The phase diagrams of three polymers
were constructed to visualize the coacervate compositional
response to temperature (Figure 4A for a representative LCST-
type phase diagram). The compositional measurements (wt %)
were obtained by gravimetric analysis of the solid content of
the dilute and dense phases after lyophilization (see the
Supporting Information for details). The phase diagram
visualizes the boundary between the upper (dense phase)
and the lower (dilute phase) phases. From C2−E0 to C6−E2,
the two-phase window of the coacervates is broadened and
shifted to a lower temperature (Figure 4B). The LCST of the
polymer in aqueous media decreases in the following order:
C2−E0 > C4−E1 > C6−E2 (Table 1). This follows the same
trend observed in other LCST-type coacervate systems,29,42,70

in which the increase in hydrophobicity causes the temperature
depression of the phase boundary. To further understand the
binodal curve, the phase diagram was subjected to binodal
curve fitting derived from the simplified Flory−Huggins theory
(see the Supporting Information for details). This model has
been found to describe the critical salt concentration and
experimental phase behavior of coacervates with corrected
interaction parameters that account for the electrostatic
interactions.11,15,71 However, a notable discrepancy was
observed for the Flory−Huggins-model-based binodal curve
fitting for C4−E1 and C6−E2. The inaccurate fitting
potentially stems from HB and other electrostatic interactions,
which are not addressed by the simplified Flory−Huggins
model. The cause of the discrepancy can also be due to the
potential errors in the obtained concentrations of the dilute
phase due to the limitations for accurate gravimetric analysis of
the solid content at low polymer concentrations.
In living cells, it is hypothesized that modulating the

viscosity of coacervates offers a pathway to control the influx
and outflux of guest molecules for responding to environ-
mental stress.72 Typically, the viscosity of biological
coacervates varies between 0.01 and 50 Pa·s as measured
from fluorescence recovery photobleaching57,73 and micro-
rheology74,75 experiments. Here, we used particle tracking
microrheology76 to estimate the viscosity of the synthetic
coacervates in situ (Figures S8 and S9) and employed them for
the interfacial tension calculations. The coacervates made from
C2−E0, C4−E1, and C6−E2 polymers showed viscosity in the
range of 0.1−10 Pa·s (Figure 5A), which is comparable to
biological coacervates and synthetic complex coacervates (0.1−
100 Pa·s).77,78 At 65 °C, the viscosity of the coacervates
increased in the following order: C2−E0 (0.0823 Pa·s) < C4−
E1 (0.143 Pa·s) < C6−E2 (1.29 Pa·s).
Next, the interfacial tension (γ) was determined for

understanding their wetting behavior on polar underwater
surfaces, formation of multiphasic coacervate structures, and
coacervate Ostwald ripening rate.3,8,39,58 The interfacial
tension refers to the energetic penalty of increasing the
interfacial area with units of energy per unit area. Compared to
the interfacial tension between pure liquid water and its vapor
which is about 72 × 103 μN/m at 25 °C,79 the interfacial
tension between synthetic complex coacervates and the
coexisting dilute phase is reported to be around 1−1000
μN/m.3 For biological coacervates, the interfacial tension
varies over several orders of magnitude depending on the

Table 1. Summary of the Molecular Characterization of
Three Thermoresponsive Coacervate-Forming Polymers,
C2−E0, C4−E1, and C6−E2

polymer LCSTa (°C) Tcp
b (°C) Mn (kDa) D̵ Tg (°C)

C2−E0 51.3 54.2 24.2 1.27 8.0
C4−E1 26.2 30.2 24.1 1.30 −11.5
C6−E2 1.8 6.2 23.8 1.85 −11.9

aLCST is approximated by best fitting with the Iring equation.69 bTcp
is determined by cloud point measurements.

Scheme 2. Chemical Structures of C2−E0, C4−E1, and C6−
E2 Polymers for Investigating the Structure−Property
Relationship of Multiple Interaction-Driven Coacervatesa

aThree polymers have identical Mn and share the same side group.
The ratio of major bridging HB sites and major hydrophobic sites
decreases in the following order: C2−E0 > C4−E1 > C6−E2. Major
bridging HB sites (blue ellipse): tertiary amides. Major hydrophobic
sites (red ellipse): alkyl groups. Minor HB site and minor
hydrophobic sites: esters and ethers based on FTIR and atomistic
MD simulation results.
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specific constituent macromolecules, ranging from 0.1 to 100
μN/m.58,74,80 Here, we determined the inverse capillary
velocity (η/γ) from the characteristic time of coalescence
events (Figures S9, S10 and 5B) and calculated the interfacial
tension using the viscosity obtained from microrheology
(Figure 5A). The interfacial tension of our synthetic
coacervates was determined to be 100−700 μN/m (Figure
5C), which is similar to the values reported for RNA-LAF1
biological coacervates.74

Engineering Multiphasic Coacervates Using Interfa-
cial Properties. The multilayered structure of coacervates is a
prominent feature among biological coacervates such as
nucleoli,56 stress granule-P-body complexes,81 and nuclear
speckles.82 The layered compartments within coacervates assist
in the spatial control of biological reactions and biomolecular
export, as observed in the biogenesis of ribosomes.83 Several
protocells have been shown to mimic dedicated multiphasic
structures for cascade enzymatic reactions using synthetic
polyelectrolytes.84,85 A few reports found that the differences in
the interfacial tensions between two coacervating polymers in
the same solution can drive the formation of multilayered
coacervates.43,58 Here, homogeneous solutions of two
polymers with different LCSTs were mixed to form de novo
multilayered simple coacervates (Figure 6A−C). For example,
C4−E1 (Tcp = 30.2 °C) and C2−E0 (Tcp = 54.2 °C) were
dissolved at 20 °C, and the temperature was increased to 65 °C
at a rate of 10 °C/min. Initially, the mixture was homogeneous,
and at 65 °C, multiphasic structures started to emerge (Figure
6A). Notably, we observed that the relatively hydrophilic
polymer was always concentrated in the shell of a multilayered

structure. The multiphasic structures can emerge as kinetically
trapped14,86,87 and thermodynamically stable systems.43,88 The
kinetically trapped multiphasic systems form upon sudden
changes in the composition and become biphasic (dilute and
dense phases) with time.14,86,87 For example, due to a rapid
change in the temperature, droplets of the dilute phase can
nucleate inside coacervates and coalesce with each other to
form kinetically trapped multiphasic structures. Meanwhile, for
a thermodynamically stable system, droplets form at a slow
change of composition and retain a third distinct phase.43,88 To
test whether multiphasic coacervation is governed by
thermodynamics or kinetics, multiphasic coacervates were
prepared at a slow heating rate of 3 °C/min. Also, preformed
coacervates of C4−E1 (Tcp = 30.2 °C) and C2−E0 (Tcp = 54.2
°C) were mixed at 65 °C. In our study, all preparation
methods produced identical multiphasic droplets, as shown in
Figure 6A. Examination of the fluorescence profile of
multiphasic droplets in the dilute phase (Figure 6D−H)
shows that they have three different compositions. Identical
structures by different preparation methods and distinct
compositions support that multiphasic droplets are thermody-
namically stable multiphasic coacervates.43

To understand the formation of core−shell multiphasic
coacervates, we examined the spreading coefficients (Si) of the
coacervates, where Si = γjk − (γij + γik). The γij, γjk, and γik are
the interfacial tensions between two liquid phases i and j, j and
k, and i and k.89 These spreading coefficients determine three
possible scenarios for the organization of two immiscible
droplets, immiscible, partial wetting, and core−shell (complete
wetting), as shown in Figure 6D. As an example, we analyzed

Figure 4. (A) (Left) Model LCST-type phase diagram. (Right) Cartoon representation of the microstructures of one-phase and two-phase regions.
(B) Phase diagrams of C2−E0, C4−E1, and C6−E2. Error bars represent the standard deviation of concentrations from three independent
measurements.

Figure 5. Temperature-dependent changes in the (A) viscosity (η) of the dense phases determined by the microrheology, (B) inverse capillary
velocity (η/γ) determined by the coalescence analysis, and (C) interfacial tension calculated from η/(η/γ).
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the spreading coefficients of phases used for multiphasic
coacervate formed from C4−E1 and C2−E0 (Figure 6E−H).
As shown in the fluorescence intensity profile (Figure 6E) and
images of coacervates at different channels (Figure 6F−H), red
RhoB dye-conjugated C4−E1 was concentrated in the inner
core, while green FITC fluorescence conjugated C2−E0 was
mainly distributed in the outer shell. Here, C4−E1 (core,
phase 1) in C2−E0 (shell, phase 0) was favored based on the
experimental observation. The interfacial tension between each
droplet (C4−E1 or C2−E0) and water (phase w) was
evaluated as γ1w = 244 μN/m and γ0w = 100 μN/m,
respectively, as calculated previously from the coalescence
event (Figure 5C). The interfacial energy between C4−E1
droplet 1 and C2−E0 droplet 0 was also obtained as γ01 = 16
μN/m in a similar manner. The results of spreading
coefficients are summarized in Table 2 as S1 = −160 μN/m,

Figure 6. Microscopic images of multilayered coacervates formed by mixing two polymers with different LCSTs in water and heating the solution.
Arrows indicate the dominant species in the core and shell structures. (A) C2−E0_FITC (shell, green) and C4−E1_RhoB (core, black) in the
FITC channel at 65 °C. (B) C2−E0_FITC (shell, white) and C6−E2_RhoB (core, pink) in the bright-field channel at 65 °C. (C) C4−E1 (shell,
black) and C6−E2_FITC (core, green) in the FITC channel at 65 °C. (D) Three possible morphologies of two immiscible droplets with water:
immiscible, partial wetting, and core−shell. The γij, γjk, and γik are the interfacial tension between two liquid phases i and j, j and k, and i and k. The
spreading coefficient (Si), where Si = γjk − (γij + γik), is determined for predicting the preferred morphology. Immiscible structure: S1 < 0, SW > 0,
and S0 < 0; partial wetting structure: S1 < 0, SW < 0, and S0 < 0; and core−shell structure: S1 < 0, SW < 0, and S0 > 0. (E−H) An example of
multiphase coacervates (C2−E0_FITC and C4−E1_RhoB at 65 °C) for the calculation of the spreading coefficients and predicting the preferred
morphology. (E) Fluorescence intensity profiles of green (C2−E0_FITC) and red (C4−E1_RhoB) channels along the yellow lines across the
images in (F−H). Blue lines highlight the range of coacervates. Microscopic images of the coacervate are viewed in (F) merged green and red
channels, (G) green channel, and (H) red channel.

Table 2. Three Criteria of Spreading Coefficients for a
Preferred C4−E1 in the C2−E0 Core−Shell Morphology

criteria of spreading coefficients for a phase 1 (C4−
E1) in phase 0 (C2−E0) core−shell structure

calculated spreading
coefficientsa

S1 < 0 S1 = γow − (γ1w + γ01)
= −160 μN/m

SW < 0 SW = γ01 − (γ0w + γ1w)
= −328 μN/m

S0 > 0 S0 = γ1w − (γ0w + γ01)
= 128 μN/m

aSi and γij represent the spreading coefficient of phase i and the
interfacial tension between phase i and j, respectively. Subscript i and j
can be 0 (coacervate phase of C2−E0), 1 (the coacervate phase of
C4−E1), and w (dilute phase), respectively. Here, γ0w (100 μN/m),
γ1w (244 μN/m), and γ01 (16 μN/m) are determined from the
coalescence experiments.
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SW = −328 μN/m, and S0 = 128 μN/m. These values meet the
criteria of spreading coefficients (Figure 6D and Table 2) for
the formation of a C4−E1 in C2−E0 core−shell structure,
which is the same as experimental observations (Figure 6F).
Note that we only observed core−shell structures in our
experiments (Figure 6A−C).

■ CONCLUSIONS
In summary, using ROP of N-functional (1,4-oxazepan-7-
one)s, we created a library of polyesteramides that show
LCST-type, nonionic, single-component coacervation behavior
in aqueous media. Above LCST, the water-tertiary amide
bridging hydrogen bonds and hydrophobic interactions
stabilize the coacervate. Interestingly, the phase-separated
droplets show “liquid-like” behavior with low viscosity (0.1−10
Pa·s) and low interfacial tension (100−700 μN/m) that are
comparable to intracellular biological coacervates. This liquid-
like behavior originates from the hydration provided by tertiary
amide−water hydrogen bonds above LCST which differentiate
it from solid-like behavior of PNIPAM solutions.
Using tailored monomer chemistry and diverse polymer-

ization techniques, we tuned the ratio between hydrophobic
groups and HB sites with atom-level precision. With increasing
hydrophobicity, the LCST of the resultant polymer shifted to a
lower temperature, and the phase boundary was broadened.
The increase in the ratio of hydrophobic to HB sites resulted in
polymers with higher viscosities and interfacial tensions. By
taking advantage of the differences in the mesoscopic
properties of the coacervates formed from these polymers,
we engineered multiphasic coacervates that resemble core−
shell architectures commonly observed in intracellular bio-
logical coacervates such as nucleoli and stress granule-p-body
complexes. In the future, the multiphasic structures formed
from these synthetic nonionic polyesteramide coacervates are
envisioned as a tool for investigating physicochemical
principles deployed by living cells to spatiotemporally control
the cargo partitioning, biochemical reaction rates, and
intraorganellar signal transport.
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