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ABSTRACT: Thin films of complexes made from oppositely charged
polyelectrolytes have applications as supported membranes for separations,
cell growth substrates, anticorrosion coatings, biocompatible coatings, and
drug release media, among others. The relatively recent technique of layer-
by-layer assembly reliably yields conformal coatings on substrates but is
impractically slow for films with thickness greater than about 1 μm, even
when accelerated many fold by spraying and/or spin assembly. In the present
work, thin, uniform, smooth films of a polyelectrolyte complex (PEC) are
rapidly made by spin-coating a polyelectrolyte coacervate, a strongly
hydrated viscoelastic liquidlike form of PEC, on a substrate. While the
apparatus used to deposit the PEC film is conventional, the behavior of the
coacervate, especially the response to salt concentration, is highly nontraditional. After glassification by immersion in water, spun-
on films may be released from their substrates to yield free-standing membranes of thickness in the micrometer range.
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■ INTRODUCTION

Polyelectrolyte complexes (PECs), either precipitated in bulk
or adsorbed layer-by-layer (LbL) onto a surface (“polyelec-
trolyte multilayers”, PEMUs), have been driving numerous
advances in engineering and technology in recent years.1−5 The
complex, Pol+Pol−, from complementary charges on negative,
Pol−, and positive, Pol+, polyelectrolyte units can be reversibly
broken by the addition of salt ions, Maq

+ and Aaq
− , as shown

below.6,7 Salt ions progressively transform intrinsic Pol+Pol−

ion pairs to extrinsic sites, where the polymer repeat unit is
compensated by a counterion.

+ + → ++ − − + + − − +Pol Pol A M Pol A Pol Ms aq aq (1)

A large library of polyelectrolytes,8 positive or negative,
natural or biological, hydrophobic or hydrophilic, some
responsive to external stimuli,9 some pH-dependent,10 and
cytophobic or cytophilic,11,12 provides a unique class of
materials that can be fine-tuned for a desired property or
application13 such as membranes,14−21 nanocomposites,22,23

and biological applications.24−27 Surface chemistry and
mechanical properties control how complexes interact with
the local environment.
The multilayering, or LbL, method consistently produces

thin, continuous, conformal coatings of PEC using simple
aqueous processing methods.1,28,29 A degree of “fuzzy” layering
was demonstrated in some PEMUs.30 A major practical
drawback is the slow speed at which the coating method,
which requires alternating immersion of the substrate into baths
of polyelectrolytes, builds up the thin film. Some conditions or
combinations of polymer, which yield more fluidlike PEMUs,
grow faster because of the enhanced mobility of the
constituents.31,32 Using such “exponential” growth,33−35 it is

possible to generate PEMUs on the order of a few microns
within 10 or so layers. However, many combinations of
polyelectrolytes grow “linearly” because they are below the
glass transition temperature36 of the complex. Such systems
require dozens or hundreds of layers to reach micron
thicknesses.
With the introduction of alternate spraying,37−39 LbL

deposition was accelerated considerably, and later engineering
methods were refined to enable rapid, large-area coatings.39,40

Other methods of accelerating the mass transport of
polyelectrolyte to the surface include spinning the substrate
face down in the polyelectrolyte solution (hydrodynamic
LbL)41 and spinning the substrate face up as solution is
dropped or sprayed22,42 on it. The latter “spin-assisted” LbL
methods were shown to rapidly produce high-quality multi-
layers.22,43−46

All multilayering methods require intensive processing.
Simultaneous spraying of positive and negative polyelectrolytes
has been demonstrated,40,47 but the process must be carefully
controlled to yield 1:1 stoichiometry, which is approximated by
multilayering, and to allow large quantities of excess solvent to
drain from the film. Maintaining a 1:1 stoichiometry of
polyelectrolyte repeat units in PEMUs, which was assumed to
be controlled by the self-assembling nature of alternating
adsorption,28 turns out to be a significant problem for films
thicker than a few layers. Because of the difference in mobility
between the cation and anion,34 a layer of extrinsic charge
builds up within the PEMU.48 This intrinsic charge leads to
unforeseen inhomogeneities in the composition and properties
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of multilayers, including membrane transport and mechanical
properties.
Early work by Michaels and co-workers described methods

for dissolving PECs in strong ternary complexes of water, salt,
and organic solvent.49,50 These solutions, where polyelectrolyte
chains are decoupled from each other, could be cast on plates
to re-form complexes using conventional polymer film-casting
techniques (i.e., pumping off the solvent). While casting is not
rapid, it does provide a route to thick-film (>1 μm)
morphologies of PECs for applications requiring thicker, free-
standing material. Bixler and Michaels51 evaluated the perform-
ance of cast PEC films for purifying salty water by reverse
osmosis.
Polyelectrolyte coacervates (PECOVs)52−55 represent an

interesting intermediate between PECs and solutions of the
same polyelectrolytes (i.e., where all polymer chains are
isolated). These coacervates contain weakly bound polyelec-
trolytes that are so well hydrated that they behave like fluids. At
the same time, the remaining physical interactions impart
elastic properties.55 These interactions are a mix of classical
polymer entanglements and “sticky” ion pairings.56 There has
been a recent surge of interest in PECOVs, first described by
Bungenberg de Jong and Kruyt around 1930 while investigating
biocolloidal systems,57 because they mimic the elastic fluidlike
properties of many biological systems.58 Research on the
practical aspects of coacervates has been accompanied by
fundamental studies of their properties. We recently explored
the spectrum of properties controlled by salt (KBr)
concentration, as in eq 1, in a PEC made from poly-
(styrenesulfonate) (PSS) and poly(diallyldimethylammonium
chloride) (PDADMAC).56 With increasing salt content (0−1.4
M KBr), a PSS/PDADMA PEC is transformed from a tough to
a rubbery polymer. Then, over a narrow range of KBr
concentration (1.4−1.8 M), the material behaves like a
coacervate. At 1.8 M, the coacervate dissociates to yield
individual chains (i.e., a true solution of polyelectrolytes).56

The goal of the present work was to exploit the liquidlike
properties of PSS/PDADMA coacervates to form a thin film on
a substrate by spin-coating. Spin coating is widely used by
industry for rapidly producing a thin polymer film of thickness
>1 μm on a surface.59 For example, semiconductor processing
(“chip” making) requires several spun-on coatings of polymers.
Although several counterintuitive properties were discovered,
spun-on coatings from coacervates and dissolved PEC solutions
were efficiently produced and released from their substrate.
Spinning coacervate is more efficient at producing thicker
stoichiometric films than similar strategies, such as LbL,
spraying, and spin-assisted LbL buildups.

■ EXPERIMENTAL SECTION
Materials. Poly(diallyldimethylammonium chloride) (PDADMAC;

Ondeo-Nalco, SD 46104; molar mass 400000 g mol−1), poly(4-
styrenesulfonic acid, sodium salt) (PSS; AkzoNobel, VERSA TL130;
molar mass 200000 g mol−1), and potassium bromide (KBr; Sigma-
Aldrich) were used as received from the manufacturer. Poly(ether
sulfone) (PES) membranes (25-mm-diameter Supor-100 0.1 μm
filters, 130 μm thick) were from PALL Life Sciences. All salt solutions
were prepared using 18 MΩ deionized water (Barnstead E-pure).
PEC Preparation. PECs were produced by the simultaneous

mixing of 1.0 L aqueous solutions of 0.125 M PDADMAC and PSS
each in 0.25 M NaCl with stirring for 30 min.3 After the white
precipitate was allowed to form, the excess salt/water mixture was
decanted and the precipitate hand-squeezed to remove as much liquid
as possible. The remaining white crumbled aggregate was broken into

pieces of about 1 cm across and washed with copious amounts of water
for 3 days to remove all residual NaCl. The PEC was then dried in an
oven at 120 °C. The dried complex was a tough translucent orange
solid, which was then ground to a fine powder in a coffee grinder.

PECOV Preparation. Following our earlier protocol,56 1.5 g of a
dry PEC powder was added to a 25 mL vial with a desired amount of
2.5 M KBr depending on the final KBr concentration. After a few days
when the complex has dissolved, 18 MΩ water was added to a total
volume of 15 mL to re-form the coacervate. This “backwards” method
was preferred to adding PEC to the desired [KBr], which takes
significantly longer to produce coacervate. KBr was chosen over NaCl
as the salt to make coacervates because of its ability to dope the
complex more efficiently. Mixtures containing [KBr] ≥ 1.8 M were in
the solution phase, while 1.4−1.8 M KBr provided the coacervate
phase.56 All experiments were performed at room temperature.

Spin Coating. Thin films were prepared using a Chemat KW-4A
spin coater. Aliquots of 250 μL were dispensed onto 18-mm-diameter
glass coverslips prior to acceleration to 1000−6000 rpm for 5−60 s for
spreading to create a range of films with varying thickness and
roughness profiles. To make removable intact films, coacervates were
spun onto 18-mm-diameter mirror-polished aluminum disks treated
with 0.1 M NaOH for 5 s to render them more wettable. Each film on
its substrate was then removed from the spin coater and rinsed in 18
MΩ water three times for 1 min each to extract KBr.

Profilometry. A Tencor Alpha-Step 200 profilometer was used to
measure the thickness. A 5 μm stylus scanned across the surface of the
film at a rate of 10 μm s−1 for 40 s, yielding a line profile of the sample
with a z-resolution of 5 nm. To measure the film thickness, a scratch
was made down to the substrate using a single-side razor blade.
Thickness measurements were collected every 2 mm from the edge of
an 18-mm glass disk, with a scratch exactly in the center for a total of
five thickness measurements per sample using this step-edge method.

Radiolabeling. A released PECOV film made from 1.7 M KBr was
soaked in 0.2 M NaCl for 18 h and then washed and stored in 18 MΩ
water for 2 h. The film was then dried and placed in a 125I− solution
(1.25 Ci mol−1, 10−3 M) to measure the anion content or 22Na+ (4.5
Ci mol−1, 10−4 M) to measure the sodium (Na+) content, for 2 h.
After rinsing and drying, scintillation counting was performed using a
plastic scintillator and a photomultiplier tube as described previously.48

Atomic Force Microscopy (AFM). The surface topology of spun
PEC films was acquired using a MFP-3D atomic force microscope
(Asylum Research Inc., Santa Barbara, CA), equipped with an ARC2
controller, IgorPro software, and silicon AC240-TS probes (Olympus;
radius = 9 ± 2 nm, height = 14 ± 2 μm on aluminum-coated
cantilevers with a spring constant of 2 N m−1). The alternating-current
mode was employed to determine the topography of PEC films made
with a range of spin parameters. The cantilever was tuned to 10%
below its resonance frequency with scan sizes of 5 × 5, 10 × 10, and 20
× 20 μm at a scan rate of 1.0 Hz. The root-mean-square (rms)
roughness of the surface was collected on four 5 × 5 μm areas on each
sample and averaged.

Scanning Electron Microscopy (SEM). A JSM-7401f ultrahigh-
resolution (resolution 1.5 nm at 1 kV) field-emission scanning electron
microscope equipped with a strongly excited low-aberration conical
lens and cold-field tungsten single-crystal emitter was used to image
the surface of PEC films spun from 1.7 and 1.9 M KBr at 3000 rpm for
10, 15, and 20 s.

Mechanical Tests. Coacervate from 1.7 M KBr was spun onto 1-
in.-diameter aluminum-foil-covered silica disks at 3000 rpm. These
larger samples were removed with a brief soak in 0.1 M NaOH.
Rectangles of dimensions 20 mm × 3 mm × 10 μm were cut and
mounted on a Thümler TH2730 tensile testing machine equipped
with a 3 kN load cell and strained to 2% at a rate of 7 mm min−1.

■ RESULTS AND DISCUSSION

Spin coating is practiced widely to rapidly deposit a thin coating
on a substrate.59,60 Here, the use of water instead of volatile
organics as a solvent provides a “green” processing method.
This work employs stoichiometric (1:1) complexes of PSS and
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PDADMA, which have been transformed to near-stoichio-
metric coacervates with the addition of sufficient KBr solution.
Prior extensive investigations of PSS/PDADMA coacervates
show that they are produced over the [KBr] range of 1.4−1.80
M.56 While any combination of positive and negative
polyelectrolyte potentially forms coacervates, the salt type and
concentration must be optimized for each combination. At
concentrations greater than 1.80 M KBr, the solution contains
dissolved (separated) polyelectrolyte chains. Because these
chains are at a dense concentration (higher than the critical
overlap concentration), the viscosity of the dissolved solution
(50−100 cP) is still significantly greater than that of water (1
cP). Films were obtained by spin-coating coacervate or
dissolved PEC, and the films were solidified by immersion in
water, which rapidly extracts the salt, instead of drying.
However, the coacervate system provided fascinating, un-
expected, and nontraditional responses to variables such as the
spin time and speed.
Spin coating is typically characterized by at least four

regimes:59,60 dispensing, where an aliquot of solution is placed
on the substrate; “spin up”, where the solution is spread out at
relatively low rpm; “spin out”, where the rpm increases and
excess solution is flung off the substrate; and evaporation,
where the film dries while spinning. Evaporation actually occurs
throughout and therefore overlaps with the other steps. In the
limit of no evaporation, Emslie et al. determined the thickness,
h, of the liquid film at any distance ro from the center:61

=
+

h
h
Kh t(1 4 )

0

0
2 0.5

ρω
η

=K
3

2

(2)

where t is the spin time, ω is the angular velocity, and η is the
viscosity. The initial thickness of the fluid layer is represented
by h0, which is independent of ro. Including evaporation while
spinning/thinning yields more complex predictions, especially if
the viscosity changes with drying (as is inevitable with polymer
solutions). Equation 2 shows that, because a thick layer thins
significantly faster than a thin one, there will be a tendency for
uniformity. The thickness increases with viscosity and decreases
with spin time.
Good-quality PEC films spun from coacervate on glass disks

could not be obtained with standard spin-coating protocols
employed for solutions of polymers in volatile solvents. For
example, poly(methyl methacrylate) in toluene can produce a
uniform thin film at 3000 rpm for 60 s,60 whereas coacervate
created an uneven morphology under the same conditions.
With coacervate in aqueous solutions, there was an appropriate
spin time at a specific spin velocity to generate a uniformly
thick film without the production of either a “dish” (thinner in
the middle) or “dome” (thicker in the middle) morphology.
After the film was spun, it was rinsed in water to remove KBr
and to rapidly transform the coacervate into a salt-free, glassy
PEC.56 An estimate of the time taken, t, for the transformation
of a coacervate film into a salt-free film is made using a diffusion
coefficient, D, of 8 × 10−7 cm2 s−1 for NaBr in PSS/PDADMA7

using Δ = (2Dt)1/2. A Δ = 10-μm-thick film would lose most of
its ions within 0.6 s.
It was found that short spin times with immediate ramping to

the maximum spin speed and then stopping (no ramp down)
produced the best (most uniform) liquid films, which could be

glassified to solid films by immersion in water. The unusual
behavior of coacervates in spin coating is immediately seen by
the thicknesses and profiles in Figure 1. The thickness did not

decrease much with spinning time, as eq 2 predicted. Also,
short times produced a “dome” effect of slightly thicker films
toward the center of the sample, an indication of insufficient
thinning time. However, additional spin time resulted in an
atypical “dish” profile, where material at the center is thinner.
The viscosity of PECOVs depends on the salt concentration.

The lower the salt concentration the more “sticky” ion pairs
there are between polymer chains (according to eq 1) and,
therefore, the higher the viscosity. For our PSS/PDADMA
coacervates at room temperature, the viscosity η is a strong
nonlinear function of the concentration of KBr over the range
1.3 M < [KBr] < 1.8 M [see the Supporting Information (SI)
for data adapted from ref 56]:

η = ×
(cP)

1.5 10
[KBr]

9

28 (3)

A small increase in [KBr] leads to a substantial decrease in the
viscosity; i.e., the liquid becomes less viscous as the water
evaporates. The decrease in the viscosity led to a buildup near
the edge of the film (“dish” morphology) as the water started to
evaporate, but the variations in the thickness across the film
amounted to less than 5% of the film thickness (Figure 1).
The confounding behavior of spin-coated coacervates is

further demonstrated in Figure 2, where comparisons are made
with dissolved PEC (in 1.9 M KBr). The combined effects of
spin time and speed are shown in a 3D plot. Again, almost no
influence of the spin time is seen for the coacervate. The
thickness remains fairly constant at lower rpm but drops
quickly at the highest rpm values. In contrast, the dissolved
PEC thins as both the time and rpm increase. The same data
are shown as 2D plots in the SI.
For PEC in 1.7 M KBr, which exhibits a viscosity of 300 cP,56

ion-pair interactions between polyelectrolyte chains are still
abundant and prevent rapid spreading of coacervates during
spinning. In 1.8 M KBr, all of the ion pairs between
polyelectrolytes are broken,56 so when the concentration of
KBr increased to 1.9 M, which had a viscosity of 70 cP,

Figure 1. Dome versus dish morphology of spun coacervate films.
PSS/PDADMA coacervates in 1.7 M KBr spun on 18-mm-diameter
glass disks for (blue ◆) 5s, (red ■) 10 s, (green ▲) 20 s, (blue △) 30
s, (blue ◇) 45 s, and (orange ●) 60 s. All samples were produced at a
spin speed of 5000 rpm.
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polyelectrolyte chains flowed more freely past one another,
which decreased the thickness to less than 1 μm.
The composition of films spin-coated on double-side

polished silicon wafers was verified with FTIR spectroscopy.
Figure 3 shows the comparison of spectra of a 690 nm PEC
film spun from a 1.9 M KBr PEC film and a 570 nm 40-layer
film made from multilayering that was known to be
stoichiometric in PSS and PDADMA.62 Subtraction of the
spectra of multilayered PEC from spun PEC (after scaling the
PEMU spectrum to account for a small difference in thickness)
revealed no residual signal from the PSS bands (1008 and 1033
cm−1) and PDADMA band (1475 cm−1), showing that both
methods of producing films yield material with equivalent
amounts of each polymer. Films spun from 1.7 M KBr were too
thick and yielded excessive absorbance values that fell outside
of the linear response of absorbance to thickness (Beer’s law).
Although the comparison of FTIR spectra in Figure 3

indicates stoichiometric quantities of PSS and PDADMA, it is
not accurate to better than 5% and cannot exclude the presence
of ions. If a PEC membrane is to be used for selective ion
transport, a small but persistent population of fixed ion-
exchange sites (“extrinsic” compensation) may influence the
selectivity and permeability of the membrane. In order to
determine the ion content with greater accuracy, membranes of
spun PEC were probed with radiolabeled iodide and sodium. A
PEC film spun from 1.7 M KBr (mass 3.5 mg) was released
using the technique described below. The film was rinsed in
either 125I− or 22Na+ to determine its ion content by exchanging
radiolabeled with unlabeled ions within the film.7 From the
mass of the film and a density of 1.27 g cm−3, the amount of

PSS and PDADMA groups was estimated to be 11.4 μmol.
Scintillation counting with 125I− to probe positive extrinsic
charge showed 1.26 × 10−3 μmol of excess PDADMA(Cl−).
Similar experiments with 22Na+ showed 6.54 μmol of excess
PSS(Na+). These results translate to an anion content of 0.0011
mol % and a cation content of 0.57 mol % within the PEC film;
i.e., the ratio of PSS/PDADMA is 1.0057:1.0000, close to 1:1.
The slight excess of PSS is consistent with the finding that the
PSS/PDADMA starting coacervate has a slight excess of PSS.56

Most films of PEC deposited by the multilayering procedure
exhibit surface roughness,1 a morphological feature that would
not be a serious issue for membrane permeability but would
present problems for maintaining a clean (unfouled) surface. In
addition, applications relying on smooth films, such as pattern
formation, would be compromised. The amount of roughness
acquired during multilayer buildup is often observed to scale
approximately with the thickness of the film. For PSS/
PDADMA multilayers, rms roughness on the order of 20% of
the film thickness is observed.63 Extending the rationale for
changes in the surface topography in swollen gels,64,65 it is
believed that roughness results from significant volume changes
due to variations in the water content in the film, depending on
the “last-added” layer.63 The PSS/PDADMA coacervates used
here have substantial (>60 wt %) water,56 which would lead to
large volume changes as both salt and water leave the PEC.
AFM images were recorded on the surface of rinsed and

dried PEC films from 1.7 and 1.9 M KBr produced at 3000 rpm
for 10 s to determine roughness, as shown in Figure 4. Over
surface areas of 20 × 20 and 5 × 5 μm, the roughnesses of PEC
films from 1.7 M KBr were 16 and 4 nm, respectively. For PEC
from 1.9 M KBr, the roughnesses were 13 and 8 nm for the
same scales, showing that both films are relatively smooth (less
than 0.1% of the film thickness). Such a low level of roughness
was surprising but encouraging, given the findings with thick
multilayers of PSS/PDADMA.63 It is probable that, upon
immersion in water, KBr continues to plasticize the spun-
coated film as it leaves the PEC, relieving the stresses on the
material and preventing deformation.

Figure 2. Thickness of spun films of PSS/PDADMA PEC from the
coacervate in 1.7 M KBr (A) and the solution in 1.9 M KBr (B) as a
function of the spinning speed and time.

Figure 3. FTIR transmission spectra of (A) a PSS/PDADMA film
spun from 1.9 M KBr (690 nm) and (B) a 40-layer stoichiometric
PDADMA/PSS multilayer (570 nm) both on silicon wafers. (C)
Difference spectrum.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02988
ACS Appl. Mater. Interfaces 2015, 7, 13980−13986

13983

http://dx.doi.org/10.1021/acsami.5b02988


To further evaluate the topology, SEM was performed for
films deposited from 1.7 and 1.9 M KBr under the same
conditions as those used for the AFM studies. SEM (Figure 5)

showed increased roughness with longer spin times, observa-
tions also made with AFM. This roughness evolved quite
rapidly and is counterintuitive under the assumption that strong
centrifugal fields should smooth surfaces out. On the other
hand, increasing roughness, or at least texturing, is consistent
with microphase separations widely observed in coacer-
vates.52,53,66 For the present system, small departures in
temperature or salt concentration from the conditions under
which a coacervate has been equilibrating yield microphase
separation56 as the material adjusts to a new equilibrium
composition in the phase diagram.
Mirror-polished 18 mm aluminum disks were used as

substrates for removable membranes. Coacervate did not wet
the as-supplied aluminum (alloy 6061) disks efficiently, which
led to poor-quality spun films. To promote wetting and
adhesion of coacervate to the aluminum, each substrate was
rinsed in 0.1 M NaOH, which allowed uniform spreading
during spinning. A study of the film thickness on aluminum
substrates as a function of the spinning time using 1.7 M KBr
coacervate is shown in Figure 6. The 1.7 M coacervate was
chosen over the 1.9 M solution to provide thicker films. In
order to release films from aluminum disks, heat was applied via
a 250 W heat lamp at a distance of 25 cm from the sample,
which heated the substrate to 60 °C and released films (due to

shrinkage) after 30 min. This mild heat treatment did not
change the polyelectrolytes, as judged by FTIR spectroscopy.
Thermal gravimetric analysis shows that PSS/PDADMA
multilayers are stable up to about 300 °C.67 As an alternative
release method, 0.1 M NaOH was able to gently dissolve some
of the substrate under films, which could be peeled, still wet,
from the substrate. Released films are optically transparent, as
seen in Figure 7. The thickness of the films was measured either

with a digital micrometer or by weighing the film, measuring
the area, and determining the thickness using the density.
These methods were within 10% of each other. Films spun
from 1.7 M KBr on larger aluminum disks (1 in. diameter) were
released with NaOH and subjected to tensile testing under
ambient conditions (see the SI for stress−strain curves). Stress
relaxation experiments (see the SI) showed the equilibrium
modulus to be 1050 MPa and the tensile strength about 50
MPa under ambient conditions (23 °C and 44% relative
humidity).
It was observed that films spun under identical conditions

from identical coacervates were somewhat thicker on the
aluminum substrate than on clean glass (for example, compare
Figures 6 and 2A). The reason for this difference is not yet
understood but may stem from the difference in wetting on the
two substrates and the elastic properties of the coacervate.
However, the 15-μm-thick film, produced in less than a minute,
was flexible and rugged enough to handle and would be suitable

Figure 4. AFM images of PEC films spun from PSS/PDADMA with
1.7 M KBr (A) and 1.9 M KBr (B). XY scan range of 20 × 20 μm on
the left and 5 × 5 μm on the right. The rms roughness for (A) 4 nm
on the 20 × 20 μm scan and 1.1 nm in the 5 × 5 μm scan and (B) 13
and 8 nm, respectively.

Figure 5. SEM images (20 × 20 μm) of PEC films from 1.7 (upper
row A) and 1.9 M KBr (lower row B). Time in seconds is shown
between panels. The surface topography varies with the spin speed, as
shown by the rougher terrain exhibited for longer spin times.
Evaporation of water during longer spin times is thought to drive
microphase separation, which produces rougher films.

Figure 6. Thickness of the PEC films from 1.7 M KBr coacervate spun
on a polished aluminum disk at 1000 rpm. Thickness versus spin time
(◇). Polished aluminum disks were used in place of glass to facilitate
the release of PEC films.

Figure 7. Standalone PEC film (1 inch diameter and 15 μm thickness)
spun from PSS/PDADMA coacervate in 1.7 M KBr at 1000 rpm.
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for use as a membrane supported by a wire mesh. For
comparison, to produce films of PSS/PDADMA with this
thickness via multilayering in 1 M NaCl with 5 min per layer
and 30 s rinse steps (about 15 nm per layer41) would take
about 300 h and even spraying at 30 s per layer would take
about 20 h.38,68 There is no reason to expect structure within a
spin-coated coacervate film, whereas “fuzzy” laying is possible in
multilayered films.1 As an example of supported membranes,
films were spun from 1.7 and 1.9 M KBr onto porous PES,
yielding uniform PEC films of thickness 11 and 2 μm,
respectively.

■ CONCLUSIONS
With the introduction of a technique to rapidly deposit films of
PEC of the appropriate thickness for supported membranes for
separations, many of the membrane applications discussed in
the literature may be implemented more easily. It should also
be possible to make defect-free PEC films on porous and
nonporous substrates/supports by dip-coating or spin-coating
these substrates with coacervates. Within a coacervate, the
density of the chains is high enough to exceed the critical chain
overlap concentration, which allows the PEC in the coacervate
to collapse as a continuous sheet in rinsewater when the salt
leaves it rather than disintegrate into particles.69 Starting
materials for coacervate formation are prepared from the
constituent polyelectrolytes by complexing polyanions and
polycations in bulk with added salt. The concentration of salt
required to achieve the desired viscosity depends on the
identity of the polyelectrolytes and salt, with the latter following
a Hofmeister series.7,54 Processing is done with all-aqueous
systems, providing an environmentally friendlier route to
polymer film formation.
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