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ABSTRACT: Water, specifically in a hydration shell, is critical for many biological supramolecular aggregations in nature,
where water can directly mediate intermolecular association via hydrogen bonding and is regarded as “structured water”.
Conversely, little has been reported on the biomimetic water-mediated supramolecular assembly with adequately high water
content to date, because of the competing thermodynamic processes of water hydration and water as a building block to
participate in self-assembly. In this work, we explore water-mediated complexation based on entropy-driven biphasic coacervate
formation using highly hydrophilic neutral polymer and inorganic mineral-analogous nanoclusters. For the first time (to the best
of our knowledge), nonelectrostatic liquid−liquid separating coacervate formation is demonstrated between polyethylene glycol
(PEG) and polyoxometalate (POM) nanoclusters in aqueous solutions of varied PEG and POM concentrations, POM types,
and aqueous medium conditions. Comprehensive characterization using fluorescence microscopy, small-angle X-ray scattering,
calorimetry, and other techniques has confirmed that the compositions, microstructure, and thermodynamics of PEG−POM
complex coacervation are highly similar to entropy-driven complex coacervation between oppositely charged polyelectrolytes in
aqueous solution. However, the effect of heavy water on critical POM concentration for the onset of coacervate formation
suggests that water, instead of the counter ions as commonly debated for polyelectrolyte complex coacervation, is responsible
for PEG−POM coacervate formation. Specifically, structured water works as a hydrogen bond donor for both highly hydrated
PEG and POM to directly mediate the PEG−water−POM association, resulting in the release of excess hydrated water for
entropy-driven PEG−POM complex coacervation. Therefore, water-mediated complex coacervation could be developed as a
general and simple strategy to build biomimetic hybrid nanomaterials with high water content for various applications from
energy-related functional nanomaterials to biomedical ramification.

■ INTRODUCTION

Water plays critical roles in many supramolecular assemblies in
nature as well as synthetic complex functional materials. In
addition to the common notion that water is the “life’s
solvent”, water is an active building block in cells and many
other biological complexes.1,2 In past decades, it has been
widely reported that water could directly mediate intermo-
lecular interactions via hydrogen bonding for many biological
activities, such as stabilizing protein conformations and
protein−DNA and ligand−receptor complexation,3−9 control-
ling protein aggregation and amyloid fibrization,10 constructing
bone apatite,11,12 and facilitating the transport of protons and

oxygen molecules during photosynthesis.13 Such functional
water is generally considered as “structured water” to be
distinct from bulk water.2,14 As inspired by the role of
structured water in biology, many material scientists have
explored water as the building block for biomimetic supra-
molecular assembly and polymerization.15,16 Yet, because of
the competing functions of water as both a solvent and a
building constitute in such material processes,17 one grand
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challenge in artificial supramolecular aggregates is to achieve
adequately high water content comparable to that in human
and animal bodies.18

One particular biomimetic supramolecular complex that
could contain high water content (>80 wt %) is polymeric
complex coacervate. Complex coacervates are a special family
of supramolecular complexes formed in water, for which all the
components are highly water-soluble, but the mixture of their
aqueous solutions spontaneously separates into two liquid
phases at given concentrations and temperature. They are
commonly present in living cells19 and the organisms of sea
animals such as mussels and sandworms20−22 and have also
been linked to the origin of life.23,24 Recently, biomimetic
complex coacervates have been developed as underwater
adhesives,25 supramolecular assemblies,26,27 self-healing hydro-
gels,28 drug/gene delivery,29 and artificial protocells.30,31

Among them, most complex coacervates are formed between
oppositely charged polyelectrolytes in salted water via
electrostatic interaction,32−35 while a few others are formed
via cation−π and zwitterion−anion interactions.36−39 Surpris-
ingly, despite its importance and abundant presence of water in
biological complex coacervates, little work on biomimetic
complex coacervation resulting from direct nonelectrostatic
water mediation have been reported to date yet. The difficulty
in using water to bind two, or more than two, distinct
polymeric solutes in aqueous solution might arise from the
following dilemma: water−solute interaction (hydration),
which is accounted for the solutes to be dissolved or dispersed
in water, leads to entropy gain, while supramolecular
complexation, which results from the aggregation between
distinct solutes, often leads to entropy penalty. However, as
water-mediated biomolecular aggregation exists in nature, we
simply question how to manipulate water molecules and
control water-mediated supramolecular aggregation. One
possibility is to explore the entropy-driven complex coac-
ervation, where entropy gain is often achieved by releasing
counter ions near macro-ions to the bulk aqueous solution. It
should be noted that the negative enthalpy change resulting
from intermolecular attraction and association is not required
in the case of entropy-driven complex coacervation. Thus, we

hypothesize that entropy-driven coacervate formation could be
also achieved by releasing a large number of interfacial
hydration water, instead of counter ions, near macro-ions or
highly hydrophilic polymers to bulk aqueous solution, thereby
compensating the entropy penalty upon complexation. To test
this hypothesis, we intentionally avoid any ion pairing between
the charged polyelectrolytes in aqueous medium to minimize
any contribution from the electrostatic interaction. As
structured water is commonly present in many biological and
highly hydrophilic polymers, bone, and even miner-
als,3−9,11,12,40,41 we choose a neutral hydrophilic polymer and
highly water-soluble mineral analogue nanoclusters as two
building constitutes to examine water-mediated complexation
in aqueous solution, considering a huge number of water
molecules in the hydration shell surrounding them.42−44 Such
organic−inorganic hybrid complexes are also advantageous to
further modify the material properties of individual compo-
nents and integrate their functionalities over a wide range for
broad applications.
Specifically, in this work we choose polyethylene glycol

(PEG) as the hydrophilic polymer component, which is one of
the simple, neutral, and biocompatible polymers with high
solubility in water and each of whose monomer is associated
with approximately one hydration water molecule.45 PEG has
been used as a hydrogen bond acceptor to form hydrogen-
bonding complexes over decades.46,47 We choose the
polyoxometalate (POM) nanocluster as the inorganic water-
soluble mineral analogue. POM is the nanocluster of
transition-metal oxides, {MOn},

48 where n = 4−7 and M is
generally Mo, W, V, U, and Nb in well-defined crystalline
structures, often carries stable and well-defined multiple
negative charges over its typical nanocluster size of 1−6 nm
in aqueous solution. POM has recently emerged as novel
functional nanomaterials for various applications from catalysis
to medicines.48,49 Because it is highly charged, POM is highly
hydrated and surrounded by a large number of water molecules
in aqueous solution.50 Additionally, it is recently reported that
POMs typically contain two types of structured water
molecules including confined and coordinated water, both of
which play critical roles in the stability and maintaining the

Figure 1. (a) Molecular structures of PEG and lithium metatungstate, {W12}, (b) digital photograph (i) and fluorescence micrograph (ii) of PEG−
{W12} complex coacervate formed at { }c W

i
12

= 200 mM, cEG
i = 1.135 M and cLiCl

i = 2.0 M, for which 10 wt % f-PEG over total PEG weight is added to
the PEG-100k aqueous solution before mixing with {W12} aqueous solution. The micrograph was acquired by CLSM with an Airy detector. The
scale bar is 20 μm as shown in (ii). (c) Effect of PEG molecular weight (Mw) on the phase diagram of PEG−{W12} complex formation as
characterized by CLSM. At constant initial cEG

i = 1.135 M and cLiCl
i = 2.0 M, critical {W12} concentration, { }c W

c
12

(red circles) for the onset of liquid−
liquid separated PEG−{W12} coacervate formation (red shaded region) is plotted against PEG Mw. At <{ } { }c cW

i
W

c
12 12

the mixture of PEG−LiCl and
{W12} solution exhibits a monophasic homogeneous solution (black squares).
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architectural framework of POMs.31,51,52 In this work, we
mainly focus on Keggin ion-like lithium metatungstate,
Li6H2W12O40 ({W12}), while other similar POMs are also
investigated to verify the general complex coacervation with
PEG as discussed in Supporting Information. Herein, we
explore the nonelectrostatic complex coacervation between
PEG and {W12} in aqueous solutions of varied PEG chain
length, PEG and {W12} concentrations, and aqueous medium
conditions, from which the role of water in the origin of PEG−
{W12} complex coacervation is investigated.

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. PEG of Mw = 4000, 6000,

10 000, 35 000, and 100 000 g/mol (denoted as PEG-4k, 6k, 10k, 35k,
and 100k, respectively), lithium chloride (LiCl), silver nitrate
(AgNO3), and deuterium oxide (D2O) were all purchased from
Sigma-Aldrich and used directly. Aqueous solution of {W12}, whose
molecular structure is shown in Figure 1a, was purchased from LMT
liquid and freeze-dried (Labconco FreeZone 4.5 freeze dryer) before
experiments. Other POMs used in this work were also commercial
available and their sample preparation was detailed in Supporting
Information. Amine end-functionalized methoxy PEG (PEG-NH2) of
Mw = 35 300 g/mol was purchased from Jenkem Technology USA
and fluorescence labeled by fluorescein-5-isothiocyanate (FITC,
Invitrogen) and purified by dialysis in deionized water (Barnstead
Smart2Pure) to obtain fluorescent PEG (f-PEG).
PEG−{W12} complex coacervation was mainly investigated by

mixing 100 g/L PEG (EG monomer concentration cEG
i = 2.27 M) of a

given Mw in 4.0 M LiCl aqueous solution with equal volume of {W12}
aqueous solution of varied concentration from 10 to 800 mM, while
other PEG and LiCl concentrations were also varied and examined in
this work. All the aqueous solutions used in this work were prepared
by using 1.0 mL Eppendorf pipette with its volume uncertainty <
0.005 mL.
Characterization. Phase behavior and morphological structure of

PEG−{W12} complexes in LiCl solution were examined by a confocal
laser scanning microscope (CLSM, Carl Zeiss LSM 800) using a 63×
objective lens (Plan Apochromat, NA = 1.4, oil immersion) and an
Airyscan detector (Carl Zeiss), in which f-PEG was added at a f-PEG/
PEG weight ratio of 1:9. All the characterization reported in this work
was carried out at constant temperature, T = 22 °C.
{W12} concentration in the dense coacervate and supernatant phase

was determined by the respective density in each phase based on the
calibrated density of {W12}−LiCl aqueous solution. The density of
{W12}−LiCl aqueous solution is linearly proportional to the
concentration of {W12} over the range of 50 mM < c{W12} < 800
mM, corresponding to the effective density of {W12}−LiCl aqueous
solution 1.10 g/cm3 < ρ < 2.95 g/cm3.53 Such conditions were
satisfied in this work. The sensitivity of {W12} concentration
measurement can be achieved at the level of ∼4.0 mM corresponding
to the density change of 0.01 g/cm3 in {W12} aqueous solution, which
could be readily determined by weighing 1.0 mL solution using an
analytical balance with precision 0.1 mg. It is noted that the presence
of the PEG polymer in either coacervate or supernatant phase shows
negligible effect on the effective density of the overall solution because
of its comparable density to that of water.54 LiCl concentration in the
supernatant and coacervate phase was determined by titrating Cl−

using AgNO3 with K2CrO4 as an indicator (aka, the Mohr’s
method).55,56 The Mohr’s method is known as an extremely sensitive
and accurate method to determine chlorine concentration with a
relative standard deviation ≤ 0.07%.57 All the reported results were
obtained with repeated experiments for 5−10 times with samples
prepared under the same conditions.
Enthalpy change upon PEG−{W12} complexation at T = 22 °C was

determined by isothermal titration calorimetry (ITC, Nano ITC, TA
Instruments). Experimentally, 26 consecutive aliquots of each 10 μL
{W12}−LiCl mixed solution of c{W12} = 200 mM and cLiCl = 2.0 M were
injected into a 1.1 mL liquid cell filled with 950 μL PEG−LiCl mixed

solution of cPEG = 5.0 g/L and cLiCl = 2.0 M. Subsequent injection of
{W12} was carried out at a time interval of 400 s. A constant stirring
speed of 250 rpm was maintained throughout the experiment to
ensure sufficient mixing after each injection.

The microscopic structure of PEG−{W12} complex coacervates
was characterized by small-angle X-ray scattering (SAXS) with
incident X-ray wavelength, λ = 0.0729 nm (X-ray energy of 17
keV) using a Pilatus 2M detector (Dectris, Baden-Daẗtwil, Switzer-
land) at the Complex Materials Scattering (CMS/11-BM) beamline
of the National Synchrotron Light Source II (NSLS-II), Brookhaven
National Laboratory (BNL). The distance between the coacervate
sample and the SAXS detectors was 5 m, which was calibrated using
silver behenate with the first-order reflection at a scattering vector of q
= 1.076 nm−1, where q = (4π sin θ)/λ with θ being the half-scattering
angle. The data acquisition time for each SAXS pattern was 30 s.

■ RESULTS AND DISCUSSION

Complex Coacervate Formation between Neutral
PEG Polymer and POM in Aqueous Solution. We start
with determining the phase diagram of PEG−{W12} complex-
ation in LiCl solution. In this work, LiCl is selected as the
added salt simply because the solubility of {W12} in water is
the highest and least affected by added LiCl in comparison to
other common salts such as NaCl and KCl. We observe that at
a constant initial concentration of total EG monomers of PEG
of different Mw in the final mixture, cEG

i = 1.135 M, PEG−
{W12} biphasic complex coacervate can be formed by mixing
PEG−LiCl and {W12}−LiCl aqueous solution when the initial
total {W12} concentration, { }c W

i
12

in the final mixture exceed a

critical value, { }c W
c

12
, which depends on PEG Mw as shown in

Figure 1. It is noted that no coacervate formation is observed
at the initial total LiCl concentration, cLiCl

i < 2.0 M for PEG of
varied Mw and varied { }c W

i
12
. Upon mixing, the mixture appears

cloudy and spontaneously separates into two clear aqueous
liquid phases. Below the critical concentrations, a clear
monophasic solution is observed after mixing without any
visible phase separation over several months. To verify the
coacervate formation, we add FITC-labeled f-PEG to the
mixture. As the photograph is shown in Figure 1b(i), the
yellow-colored bottom phase in the glass vial clearly indicates
that the majority of PEG is present in the dense phase upon
liquid−liquid phase separation in contrast to the nearly
colorless dilute supernatant phase on the top. Furthermore,
the formation and biphasic signature morphology of PEG−
{W12} complex coacervates in LiCl aqueous solution is also
confirmed by CLSM. As shown in Figure 1b(ii), fluorescent
droplets of the polymer-rich phase are dispersed in the
nonfluorescent supernatant solution of the polymer-poor phase
and could show coalescence over time, confirming the
hallmark of liquid−liquid separating complex coacervate.
The formation of PEG−{W12} complex coacervate strongly

depends on the Mw of PEG and { }c W
i

12
in the aqueous mixture.

As the phase diagram for PEG−{W12} coacervate formation is
shown in Figure 1c, at constant cEG

i = 1.135 M and cLiCl
i = 2.0

M, { }c W
c

12
, above which complex coacervates are formed,

decreases with increasing PEG Mw, suggesting that a longer
PEG chain facilitates the formation of PEG−{W12} complex
coacervate better than shorter chains. Such Mw-dependence
appears similar to that of conventional coacervate formation
between oppositely charged polyelectrolytes, where increasing
Mw of polyelectrolytes broadens the coacervate region.58−60 It
is generally considered that for conventional polyelectrolyte
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complex coacervation, enhanced cooperative interactions with
reduced translational entropy is accounted for broadening the
coacervate phase for longer polymer chains than shorter ones.
However, the overall monotonic change of the phase diagram
as shown in Figure 1c appears drastically different from the
bell-shaped phase diagram for conventional coacervate
formation between oppositely charged polyelectrolytes or
between polyzwitterions and anionic POMs:39,61 a peak in a
polyelectrolyte or polyzwitterion-to-POM concentration ratio
is observed at a given salt concentration and decreasing or
increasing the concentration ratio leads to the instability of
complex coacervates. In sharp contrast, we observe high
stability of PEG−{W12} complex coacervates without the
biphasic-to-monophasic transition with increasing { }c c/W

i
EG
i

12
. It

is noted that due to the solubility limit of {W12} (∼0.8 M in
LiCl aqueous solution), { }c c/W

i
EG
i

12
could not exceed 35% at cEG

i

= 1.135 M to allow us to examine the instability regime of
PEG−{W12} complex coacervates at significantly high

{ }c c/W
i

EG
i

12
. Alternatively, the instability regime could be

possibly approached by a significantly lowering PEG
concentration at fixed { }c W

i
12
, yet it becomes conversely difficult

in determining the biphasic coacervate formation in the highly
dilute polymer solution.
Similar complex coacervation is also observed between PEG

and other highly water-soluble POMs, such as silicotungstic
acid (H4SiW12O40) and phosphomolybdic acid (H3PMo12O40)
as discussed in Supporting Information. Although some of
these dense complex coacervates may not appear liquid-like
observed by the naked eyes, the coalescence of spherical
droplets in supernatant solution with contrasting fluorescence
color over time is shown in Figure S1, confirming the liquid
nature of the dense phase. Importantly, the generality of PEG−
POM coacervate formation is verified.
Compositions of PEG−{W12} Complex Coacervates.

Both the CLSM image and digital photograph in Figure 1b
clearly indicate that the majority of PEG is present in the
coacervate phase upon liquid−liquid separating complex
coacervation. To further understand PEG−{W12} association
upon phase separation, we quantify the concentration of {W12}
and LiCl in the supernatant and dense phases as shown in
Figure 2a,b, respectively. {W12} concentration is simply
determined by solution density calibrated by the known linear
concentration−density relationship of {W12} aqueous solution
in the presence of LiCl due to negligible density of water and
PEG in comparison to that (∼3.7 g/cm3) of {W12}. LiCl

concentration is determined by Cl− titration using the Mohr’s
method with AgNO3.

55 As shown in Figure 2a, {W12} in the
initial mixture mostly participates in the dense coacervate
phase in contrast to the presence of LiCl mostly in the
supernatant phase; combined with the observation in Figure
1b, it seems reminiscent of entropy-driven complex coac-
ervation accompanied with the exclusion of simple ions from
the dense phase as observed in polycation−polyanion,62,63
POM−polyzwitterion,39 nonionic polymer−salt mixture,64 and
nonionic polymer/polyelectrolyte65 complex coacervates.
However, it is noted that LiCl concentration in the coacervate
phase is much lower than the initial one, suggesting little
impact of LiCl on PEG−{W12} complexation. Moreover, { }c W

c
12

decreases with increasing cLiCl
i as shown in Figure S2b,

suggesting the facilitation of LiCl for PEG−POM coacervate
formation in contrast to salt-induced instability and re-
dissolution of polyelectrolyte complex coacervates.39,61 Con-
sistent with a recent report of the salt effect on the
complexation of the PEG oligomer with POM,66 we believe
a high amount of LiCl is critical to screen the charges of highly
charged {W12} of 0.8 nm in diameter and thereby weaken
electrostatic repulsion between {W12} nanoclusters to facilitate
PEG−{W12} aggregation. It also explains why no PEG−{W12}
complex coacervate is observed at cLiCl

i < 2.0 M. The lower salt
concentration in the coacervate phase than that in the
supernatant phase could result from the excluded volume of
small ions at high concentration,62,63 yet it may be worthy of
further investigation in the future.
The composition analysis indicates that PEG−{W12}

complex coacervate is essentially different from the well-
known aqueous two phase system (ATPS) including PEG−salt
ATPS. In conventional ATPS, one liquid phase is enriched
with respect to one polymer, the other phase is enriched with
respect to the second polymer or salt.64 However in this work,
both PEG and {W12} are enriched in the coacervate phase,
suggesting a distinct phase separation mechanism with ATPS.
This is also the major difference of ATPS from complex
coacervates.

Nanostructure of PEG−{W12} Complex Coacervate.
With the presence of a large number of {W12} in the dense
coacervate phase, we examine the microscopic organization of
{W12} in PEG−{W12} complex coacervate by SAXS. As SAXS
intensity profiles are shown in Figure 3, all the PEG−{W12}
mixtures in 2.0 M LiCl solution at different phases, including
PEG−{W12} monophasic solution at <{ } { }c cW

i
W

c
12 12

, separated
dilute supernatant, and dense coacervate phases of PEG−

Figure 2. Measured molar concentrations of (a) {W12} and (b) LiCl in the supernatant (black squares) and dense phase (red circles) of biphasic
PEG−{W12} complexes against initial {W12}-to-EG monomer molar concentration ratio, { }c c/W

i
EG
i

12
, in comparison to their respective initial

concentration in the mixture (blue dash line), for which PEG-100k at cEG
i = 1.135 M is used.
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{W12} complex coacervates, clearly exhibit a much higher
scattering intensity and different intensity profiles in a low q
regime (0.01−0.15 Å−1) in comparison to those of PEG-free
{W12}−LiCl solution and {W12}-free PEG−LiCl solution as
the controls. It should be noted that the scattering intensity of
PEG−{W12} complexes mainly results from {W12}, as evident
from its much higher scattering intensity than that of {W12}-
free PEG solution because of a much higher atomic number of
tungsten. Moreover, q-dependent intensity profiles of PEG−
{W12} complexes, which are distinct from and far exceed that
of PEG-free {W12}−LiCl solution (see orange line in Figure
3a) at low q, strongly suggest the presence of PEG−{W12}
complex clusters in aqueous mixtures. Surprisingly, the
elevated intensity profile of PEG−{W12} monophasic solution
also suggests that PEG−{W12} complexes are already formed
at <{ } { }c cW

i
W

c
12 12

before phase separation, consistent with the
SAXS results of PEG oligomer complexation with POM.66

To examine the nanostructure of PEG−{W12} complex
coacervates, we have conducted Kratky analysis67,68 as shown
Figure 3b and Porod and Porod−Debye analysis67,68 in Figure
S3. The Kratky plot of I(q)q2 against q is used to qualitatively
examine the flexibility and/or degree of unfolding of scattering
objects such as particles, macromolecules, and their com-
plexes.67−69 For example, a bell-shape Kratky plot suggests a
globular and compact structure of scattering objects, while a
linear increase with q in a high q regime indicates a random
coil-like and loose structure. As shown in Figure 3b, all the
PEG−{W12} samples exhibit a nearly linear increase of I(q)q2

with q in a high q regime, suggesting a random coil-like and
loose structure of PEG−{W12} complex clusters, similar to
polymers in dilute solution.69 To quantify the characteristic
size, that is, the gyration radius, Rg of PEG−{W12} complex
clusters in the dense coacervate phase, we have carried out the
Guinier peak analysis (GPA) as shown in Figure 3c.70 GPA
analysis is used to transform the Guinier region to exhibit a
peak to validate the subsequent Guinier analysis to yield Rg; if
no clear peak is observed, the Guinier approximation cannot be
applied to the SAXS results. In this work, only for the complex
coacervates formed at { }c W

i
12

in close approximation to { }c W
c

12
, a

clear peak in the GPA plot is observed at q2 = 2.88 × 10−4 Å−2,
suggesting a relatively uniform size of PEG−{W12} complex
clusters. The slope (=1685 Å2) of logarithmic I(q) against q2

over the q range from 0.013 to 0.024 Å−1 yields Rg = 7.1 nm for
PEG−{W12} complex clusters as the slope is equal to −Rg

2/3

according to the Guinier approximation.71,72 As { }c W
i

12
is

increased to further evolve PEG−{W12} complex coacervation,
PEG−{W12} clusters are expected to grow with a looser
structure and increased size distribution due to the electrostatic
repulsion between {W12} themselves, leading to the disappear-
ance of the peak. Thus, the SAXS results suggest that PEG−
{W12} complex coacervates consist of loose aggregates of
PEG−{W12} complex clusters with an average size of several
nanometers. It should be noted that PEG is found to remain
highly mobile in the complex coacervates as verified by
fluorescence recovery after photobleaching measurements
using f-PEG as the probe (see Figure S4), where the
fluorescence intensity of added f-PEG could be 100%
recovered after photobleaching. It thus suggests that PEG−
{W12} complex coacervates exhibit an intriguing liquid-like
behavior, rather than a gel-like one,38 which warrants further
investigation.

Role of Water in PEG−{W12} Binding. All the phase
behavior, composition, and SAXS structural characterization of
biphasic PEG−{W12} complexes consistently indicate that the
dense phase is the PEG and {W12}-rich phase while the dilute
supernatant solution is the PEG and {W12}-poor phase, further
confirming PEG−{W12} complex coacervation. The following
questions are thereby raised: what is the intermolecular
interaction responsible for PEG−{W12} binding? How does
water impact the binding? First, we have excluded several
common noncovalent interactions in aqueous media that have
been reported to be responsible for the supramolecular
assembly or complex coacervation, such as charge−charge
interaction, π effect, and hydrophobic interaction simply
because PEG is uncharged and nonconjugated and {W12} is
highly hydrophilic without hydrophobic domains. One might
argue the role of protons in the center of {W12} for its
complexation with PEG, however no evidence has shown that
these protons could interact with any other molecules when
the intermolecular distance across the “thick” tungstate wall is
sufficiently large, resulting in negligible van der Waals (vdW)
interaction.73 The titration curve of {W12} aqueous solution
confirms that {W12} is a salt of strong acid (see Figure S5) in
this work. Thus, direct hydrogen bonding between PEG and
WO− groups of {W12} in aqueous media is also excluded
because both PEG and {W12} are hydrogen bonding acceptors
without any active hydrogen atoms in their chemical
structures. On the other hand, as shown in Figure S6,

Figure 3. (a) SAXS intensity, I(q), after being normalized by transmission and background subtraction, of PEG−{W12} complexes in aqueous
media using PEG-100k at constant cEG

i = 1.135 M and cLiCl = 2.0 M, including monophasic homogeneous mixed solution at { }c W
i

12
= 40 mM (red

line), supernatant phase (blue line), and dense coacervate (magenta line) of the biphasic complex formed at { }c W
i

12
= 60 mM, dense coacervate

(green line) of the biphasic complex formed at { }c W
i

12
= 100 mM, in comparison to those of {W12}-free PEG−LiCl solution (black line) and PEG-

free {W12}−LiCl solution of c{W12} = 30 mM (orange line), both of which cLiCl
i = 2.0 M. (b) Kratky plot of I(q) × q2 against q, and (c) GPA of q ×

I(q) against q2 for the cases shown in (a).
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thermogravimetric analysis (TGA) of freeze-dried {W12}
indicates a loss of approximately 2.5 water molecules per
{W12} at elevated temperature from 100 to 290 °C, suggesting
the presence of highly stable water bound with {W12}. The
crystalline structural analysis of {W12} by X-ray diffraction as
reported previously74,75 also suggests that such interfacial water
molecules bind with {W12} via hydrogen bonding, for which
bound water is considered as a hydrogen bonding donor.
Therefore, it becomes reasonable to speculate that the PEG−
{W12} pairing could occur by water mediation, where bound
interfacial water molecules could form hydrogen bonding with
both PEG and {W12} by sharing one hydration shell at their
interfaces, leading to the formation of PEG−water−{W12}
complexes.
To test our speculation, we adopt a very simple approach of

using heavy water, D2O to examine the phase diagram of
PEG−{W12} complex coacervation instead of H2O. As D2O
could form more hydrogen bonds (=3.76) per molecule than
that (=3.62) of H2O,

76 D2O is a stronger hydrogen bonding
agent than H2O. As the phase diagram is shown in Figure 4a,

{ }c W
c

12
shifts to lower concentrations by 20−50% in D2O than

those in H2O while both cPEO
i and cLiCl

i are kept the same,
supporting that D2O is more effective in mediating PEG−
{W12} binding via hydrogen bonding than H2O. Furthermore,

it also confirms that neither vdW nor electrostatic
intermolecular interaction is critical for PEG−{W12} coac-
ervate formation in that the permittivity of D2O is the same as
that of H2O, resulting in no change in either vdW or
electrostatic interaction.77,78 Thus, the effect of D2O on
decreasing { }c W

c
12

for PEG−{W12} coacervate formation
strongly supports the critical role of water as the hydrogen
bond donor for both PEG and {W12} to control their
coacervation complexation. To the best of our knowledge, it is
for the first time that water-mediated organic−inorganic
polymeric complex coacervate is developed.

Thermodynamic Origin of PEG−{W12} Complex
Coacervation. Last but not least, we investigate the
thermodynamic process to drive liquid−liquid separation for
PEG−{W12} coacervate formation in aqueous solution.
Although the thermodynamic origin of conventional poly-
electrolyte complex coacervation remains actively debated in
the literature,79,80 an entropy-driven process with the release of
counter ions upon polycation−polyanion pairing has been
widely accepted and evidently supported by ITC and other
experimental characterizations.62,81 Our recent study has
supported that complex coacervation between zwitterionic
polymers and anionic POMs is driven by entropy gain
(positive ΔS) by releasing bound anions of polyzwitterions
to the supernatant phase.39 In this work, we have also
employed ITC to measure the enthalpy change, ΔH upon the
liquid−liquid phase separation by mixing {W12} and salt-
containing PEG aqueous solutions. The ΔH of adding {W12}−
LiCl aqueous solution to the PEG-free LiCl solution of the
same cLiCl

i as that for PEG−{W12} coacervate formation is
measured as the background. As shown in Figure 5, the ΔH of
adding aqueous solution of 200 mM {W12} and 2.0 M LiCl to
2.0 M LiCl aqueous solution at 22 °C is only tens of joule per
mole {W12} and kept nearly constant, suggesting a typical
dilution process. However, it is rather surprising to observe the
when adding the 200 mM {W12} and 2.0 M LiCl aqueous
solution to a solution of 5.0 g/L PEG-100k and 2.0 M LiCl,
ΔH remains constant, despite the nearly doubled background
value. Moreover, the measured ΔH, after subtracting the
background, for mixing PEG and {W12} in LiCl aqueous
solution is at least 1 order of magnitude lower than the
reported values for conventional polyelectrolyte coacervate
formation,79,81 but in close approximation to the reported

Figure 4. Comparison of the effect of D2O (red circles) and H2O
(black squares) as aqueous medium on { }c W

c
12

for PEG−{W12}
complex coacervate formation against PEG Mw at constant initial cEG

i

= 1.135 M and cLiCl = 2.0 M.

Figure 5. (a) Measured heat flow over time, when consecutive aliquots of each 10 μL {W12}−LiCl mixed solution of { }c W
i

12
= 200 mM and cLiCl =

2.0 M to PEG-100k and LiCl mixed solution of cEG
i = 0.1136 M and cLiCl = 2.0 M (red line) in comparison to that of adding {W12}−LiCl solution of

the same concentrations to 2.0 M LiCl aqueous solution (black line) as control at 22 °C. (b) Measured enthalpy change, ΔH upon the mixing
{W12}−LiCl and PEG-100k−LiCl aqueous solutions in H2O (red circles) and D2O (blue triangles), for both of which cLiCl = 2.0 M, in comparison
to ΔH of injecting {W12}−LiCl solution to PEG-100k−LiCl solution of cLiCl = 1.0 M to form monophasic homogeneous solution of the same cEG

i

and { }c W
i

12
(black squares).
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value for {W12}−polyzwitterion coacervate formation.39 It
should be noted that the resulting mixture after adding {W12}−
LiCl (2.0 M) solution with each interval dose of 10 μL to
PEG−LiCl (2.0 M) solution becomes increasingly cloudy, in
sharp contrast to the monophasic mixture formed in 1.0 M
LiCl aqueous solution with expected little enthalpy change,
indicating the commencement of complex coacervation with
negligible enthalpy change. Therefore, based on the Gibbs free
energy, ΔG = ΔH − TΔS with negligible ΔH and negative
change, −ΔG for the spontaneous liquid−liquid phase
separation, it is clearly inferred that the formation of PEG−
{W12} coacervate is driven by the entropy gain.
A critical question is then raised from the entropy-driven

PEG−{W12} complex coacervation: how is entropy gained
upon mixing {W12}−LiCl and PEG−LiCl solutions to result in
PEG−{W12} binding and coacervate formation? For conven-
tional coacervate formation between oppositely charged
polyelectrolytes, the release of trapped counter ions near the
polyelectrolytes mostly accounts for the increased entropy.
However, in this work, we have excluded the contribution of
LiCl for entropy gain despite its abundant presence in the
supernatant phase because strongly water-hydrated LiCl makes
it difficult to facilitate the “bridging” of LiCl between anionic
{W12} and neutral PEG in aqueous solution. Instead, we
speculate that entropy gain results from the release of strongly
bound hydrated water from each individual hydration shells of
PEG and {W12}, where PEG−H2O−{W12} binding is formed.
As both PEG and {W12} are heavily hydrated with several
water hydration layers in aqueous solution, we expect that the
PEG−{W12} pairing could occur by sharing one water
hydration shell while releasing a large amount of excess
structured hydration water to the bulk solution as schemati-
cally illustrated in Figure 6, leading to considerable entropy
gain for biphasic complex coacervation. It is noted that the
molar fraction of water in the dense coacervate phase is higher
than 90%, thereby unfortunately it becomes difficult to
distinguish such bound water from bulk water by current
advanced spectroscopy and scattering techniques. A theoretical
or computer simulation study of the release of excess interfacial
hydration water for complex coacervation between highly
hydrophilic polymers and nanocolloids is highly desired.

■ CONCLUSIONS

In summary, we have successfully demonstrated that water can
effectively and directly mediate nonelectrostatic coacervate
formation between hydrophilic neutral polymer and inorganic

POM nanoclusters in aqueous solution. Phase diagram of
PEG−{W12} aqueous mixtures clearly exhibit the transition
from homogeneous solution to liquid−liquid separated
complex coacervate when { }c W

c
12

is exceeded at a given PEG
concentration. Fluorescence microscopy, composition, and
SAXS characterization provide comprehensive and convincing
evidences of biphasic PEG−{W12} complex coacervates,
exhibiting a dense PEG and {W12}-rich aqueous phase and a
dilute supernatant phase. It is important to observe that { }c W

c
12

is
much lower in D2O than in H2O and decreases with increasing
PEG Mw, indicating stronger PEG−{W12} association in D2O
and with longer PEG chains. Consequently, we exclude the
contributions of electrostatic, vdW, and hydrophobic inter-
action for PEG−{W12} complex coacervates considering the
same medium permittivity in D2O and H2O and high
hydrophilic nature of both PEG and {W12}. Such unconven-
tional coacervate formation is also confirmed with POMs of
different chemical compositions, sizes, and architectural
nanostructures. ITC results strongly suggest that PEG−POM
complex coacervation is entropy driven. However, the account
of releasing counter ion near POMs for entropy gain is
excluded in that {W12} demands the presence of Li+ counter
ions to maintain its electrostatic neutrality. As combined, all
the results are pointed to support entropy-driven PEG−H2O−
POM association with the release of excess hydrated water in
the hydrogen shells of PEG and POM for coacervate
formation. Future research by atomistic dynamics computer
simulation could greatly help elucidate the nature of the
driving force and the role of structured water for non-
electrostatic complex coacervation.
Such nonelectrostatic organic−inorganic polymeric complex

coacervation can be generally extended to highly water-soluble
hydrophilic polymers and inorganic nanomaterials. The study
of hydrophilic organic−inorganic nanomaterial complexation
gives insight to the role of interfacial structured water in many
supramolecular assembly processes in nature. For practical
applications, it can be developed as a general and simple
strategy to build biomimetic hybrid materials with high water
content based on self-association in water. The spontaneous
aqueous liquid−liquid separation could also open new
synthesis routes and nanomanufacturing processes to build
new polymer nanocomposites for emerging applications from
“green” heterogeneous catalysis, effective ion or proton
conducting materials, nanofiltration, and biomedical ramifica-
tions.

Figure 6. Schematic illustration of PEG−{W12} binding for complex coacervate formation upon mixing hydrated PEG and {W12} in aqueous
medium by the release of excess of interfacial hydration water to the bulk solution.
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