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ABSTRACT: We report direct measurements of interactions, dimensions, and
solution behavior of adsorbed nonionic and zwitterionic triblock copolymers as
a function of aqueous [NaCl] and [MgSO4] in the range 0−1 M. Total internal
reflection microscopy is used to measure kT- and nanometer-scale interactions
between hydrophobic colloids and surfaces with adsorbed triblock copolymers
with central poly(propylene oxide) (PPO) blocks and end blocks of the
following: poly(ethylene oxide) (PEO), poly(3-(N-2-methacryloyloxyethyl-
N,N-dimethyl) ammonatopropanesulfonate) (PMAPS), and poly(2-methacry-
loyloxyethyl phosphorylcholine) (PMPC). The findings indicate the following
qualitatively different and unique behavior for each polymer: PEO layers are [NaCl]-independent but collapse and become less
repulsive and eventually attractive with increasing [MgSO4]; PMAPS layers are increasingly repulsive and extended with increasing
[NaCl] but become less repulsive/extended with increasing [MgSO4]; and PMPC layers are completely insensitive to both [NaCl]
and [MgSO4]. A competition between solvated molecular interactions and structures appears to explain the unique response of each
polymer to nonspecific and specific ion effects as a function of aqueous salt solution composition.

■ INTRODUCTION
Polymers adsorbed to colloids and surfaces are commonly used
to prevent aggregation with each other as well as with other
dispersed and solvated species in liquid media.1,2 Colloidal
particles with adsorbed polymers can also inhibit their
deposition on biological3−7 and synthetic8−11 material
substrates. The key mechanism to colloidal stabilization by
adsorbed polymers is generation of net repulsive interactions in
changing chemical and physical solution conditions. Repulsive
interactions must be realized in diverse applications and
materials systems encountered in industrial formulations, the
natural environment, and biomedical therapeutics and
diagnostics. Using drug particles as an example, it is important
to prevent drug particles from aggregating with each other or
depositing on surfaces during their synthesis, processing, and
storage, often with changing physicochemical conditions. In
their application, drug particles are introduced into blood or
mucus barriers, which require stability against aggregation,
adhesion to immune system species, and deposition on
tissues.12 In short, adsorbed layers play an essential role in
colloidal particle synthesis, processing, storage, and perform-
ance in applications while encountering diverse physical and
chemical conditions.
To engineer adsorbed polymers to stabilize colloidal

particles, it is essential to understand how intra- and inter-
molecular interactions between solvated polymers depend on
solution conditions or solvent quality.1,2 Solvent quality is
determined by the free energy of polymers in solution
involving polymer segments and solvent interactions (en-
thalpy) and configurations (entropy). In addition, solvent

quality is determined by the temperature, pressure, and
cosolutes that influence net interactions and favorability of
configurations. In aqueous media, when polymer segments
have favorable interactions with water molecules and fit within
water structure, solvent quality is “good”, which yields the
following: (1) net intra- and inter-molecular repulsion (e.g.,
positive second virial coefficients), (2) expanded polymer
dimensions (e.g., increased radius of gyration), and (3)
polymer solubility (e.g., single-phase solutions). Conversely,
unfavorable changes to a solution’s enthalpy or entropy (i.e.,
“poor” solvent quality) leads to net attraction between
polymers, dimensional collapse, and phase separation.
Although adsorbed polymer thermodynamics are perturbed
by interfacial interactions and configurations, net polymer
interactions are still primarily determined by solvent
quality.13,14 In short, polymeric colloidal stabilization in
aqueous media requires polymers that have favorable
interactions with, and fit into the structure of, water while
being insensitive to physical and chemical changes that can
alter the solvent quality.
Aqueous polymer solvent quality depends on the polymer

type and how they respond to changing solution conditions.
For example, polyethylene oxide (PEO) is one of few alkylene

Received: August 4, 2020
Revised: October 5, 2020
Published: November 12, 2020

Articlepubs.acs.org/Macromolecules

© 2020 American Chemical Society
9769

https://dx.doi.org/10.1021/acs.macromol.0c01815
Macromolecules 2020, 53, 9769−9778

D
ow

nl
oa

de
d 

vi
a 

C
O

LO
R

A
D

O
 S

TA
TE

 U
N

IV
 o

n 
Ju

ne
 2

1,
 2

02
1 

at
 1

9:
37

:2
8 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.0c01815&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01815?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01815?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01815?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01815?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01815?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


oxide polymers that fits into water structure. Increasing or
decreasing the temperature changes water structure and
decreases the solvent quality and PEO solubility in
water.8,15,16 Although PEO is uncharged and NaCl does not
affect its solubility, it is well established that MgSO4 causes
PEO to become insoluble in water17 and renders it ineffective
for the stabilization of colloidal particles.9,18,19 MgSO4 is often
discussed in the context of Hofmeister series20,21 for salt-
induced protein aggregation via specific ion effects; such effects
indicate ion-mediated behaviors that are not easily captured
alone by electrostatic interactions independent of ion type.
Aqueous polyelectrolyte solution behavior is generally

captured by considering screening of charge moieties,22,23

where increasing salt screens intramolecular repulsion to
decrease the chain dimensions. In contrast, zwitterionic
polymers have moieties with closely spaced cationic and
anionic groups that are net neutral but have strong dipoles;
these polymers often display an opposite trend where
increasing salt concentrations screen the intramolecular dipolar
attraction to increase the chain dimensions ( “antipolyelec-
trolyte effect”).24−36 Although ion effects are documented for
many aqueous neutral polymers and polyelectrolytes, signifi-
cant gaps remain in understanding ion-mediated polymer
solvent quality and solution thermodynamics. However, for
aqueous zwitterionic polymers, nonspecific ion effects are still
the subject of ongoing study,35 and specific ion effects have
only been investigated in a few preliminary studies with
conflicting findings.37,38

Herein, we report direct measurements of interactions
between net neutral aqueous copolymers adsorbed to colloidal
particles and planar substrates versus [NaCl] and [MgSO4]
(Figure 1). A systematic investigation of different polymer
types provides a basis to understand how nonspecific and
specific ion effects determine the polymer interactions,

dimensions, solution behavior, and their role in colloidal
stability. We investigate adsorbed triblock copolymers with
different end blocks of PEO, PMAPS, and PMPC. Each end
block is investigated based on its importance to biomedical
applications and significant prior fundamental studies,24,39−44

which provide important benchmarks and open questions.
While prior studies have investigated on some specific ion-
dependent responses for single polymers,38,45−49 herein, we
systematically compare and contrast the [MgSO4] and [NaCl]
dependence of interactions and dimensions of PMAPS and
PMPC copolymers with a PEO copolymer (one of the most
studied aqueous polymers).
The unique response of each polymer and salt combination

provides data to better understand salt-mediated molecular
thermodynamics that determine the interactions, dimensions,
and phase behavior of neutral aqueous polymers. We employ
total internal reflection microscopy (TIRM) to nonintrusively
measure the interactions of copolymers adsorbed to colloids
and surface with kT- and nm-scale resolution.3−11 Using
TIRM, our results indicate layer dimensions due to osmotic
repulsion generated upon overlap of segments in the periphery
of adsorbed layers, which provide a sensitive measure of
[NaCl]- and [MgSO4]-dependent solvent quality for adsorbed
PEO, PMAPS, and PMPC copolymers. Beyond understanding
adsorbed zwitterionic copolymer interactions, dimensions, and
solution behavior, our results also directly indicate conditions
when such polymers can be used to stabilize colloids against
aggregation and deposition on surfaces.

■ THEORY
The net potential energy, uN, of colloids interacting with a
planar substrate can be given by a superposition of potentials
due to van der Waals, uV, steric, uS, and gravity, uG, as

4,11,36

Figure 1. Schematic for measurements of interactions between adsorbed copolymers on colloids and surfaces. (A) Variables define dimensions, and
numbers define materials: (1) hydrophobically modified silica colloids of radius, a, at a surface separation, h, from (5), a hydrophobically modified
glass microscope slide, with both surfaces having (2,4) adsorbed triblock copolymers of thickness, L0, in (3) aqueous NaCl and MgSO4 solutions.
(B) Triblock copolymer architecture for the three copolymers studied, all with a central PPO48 block and blocks on either side, including (C)
neutral PEO148, (D) zwitterionic PMPC80, and (E) zwitterionic PMAPS95. Throughout figures, groups are represented as follows: (purple)
phosphate, (blue) amine, (yellow) sulfate, and (gray) insoluble PPO block.
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= + +u h u h u h u h( ) ( ) ( ) ( )N V S G (1)

where h is the particle−wall separation (Figure 1). The
gravitational potential energy is given by

=u h Gh( )G (2)

π ρ ρ= −G a g(4/3) ( )p f
3

(3)

where G is the buoyant particle weight, a is the particle radius,
ρp and ρf are particle and fluid densities, and g is acceleration
due to gravity. The van der Waals interaction for a sphere and
a plate is50

∫π
π

= −∞
u h a A l

l
l( ) 2 ( )

12
d

h
V 2 (4)

where A(l) can be obtained from Lifshitz theory51 to include
retardation and screening,52 including the silica colloids and
glass substrates in this work.53 Steric repulsion between
adsorbed macromolecules can be modeled as4

δ= Γ −u h h( ) exp( )S (5)

where δ is the decay length and Γ is obtained from fits (and
models in some cases54).

■ MATERIALS AND METHODS
Polymers. The commercial PEO141-PPO51-PEO141 (F108) co-

polymer (Mw/Mn = 1.255) was donated by BASF. The zwitterionic
copolymers, PMAPS95-PPO48-PMAPS95 (Mw/Mn = 1.411) and
PMPC80-PPO48-PMPC80 (Mw/Mn = 1.311), were synthesized using
electron transfer−atom-transfer radical polymerization and charac-
terized using NMR and static light scattering experiments, as
described in our prior work.11,36 PMAPS indicates poly(3-(N-2-
methacryloyloxyethyl-N,N-dimethyl) ammonatopropanesulfonate)
and PMPC indicates poly(2-methacryloyloxyethyl phosphorylcho-
line). The adsorbed triblock copolymers are abbreviated by their end
blocks with the suffix “tb” to indicate a triblock.
Colloids and Surfaces. Glass microscope slides (Fisher) were

soaked in acetone, 100 mM KOH, rinsed with DI water, and dried
with filtered clean dry air. Clean slides were rendered hydrophobic by
spin-coating a 3% w/w solution of polystyrene in toluene at 3000 rpm
for 30 s. Silica colloids of nominal 2.2, 3, and 4 μm diameter (Bangs
Laboratories) were rendered hydrophobic by coating with 1-
octadecanol (Sigma-Aldrich).56 Despite the presence of different
chemical functionalities on hydrophobic particle sand slide surfaces,
prior studies have shown that the same triblock copolymers in this
study yield the same solvent quality-dependent thickness for
polystyrene particles,8,9,11,19,36,57,58 spin-coated polystyr-
ene ,8 , 9 , 1 1 , 1 9 , 3 6 , 5 7 , 5 8 1-octadecanol -modified s i l i ca par -
ticles,3,8,9,11,19,36,57−60 and octadecyltrichlorosilane-modified glass
slides and particles.3,11,36 Hydrophobic surface modifications were
chosen to optimize TIRM measurements, where spin-coated
polystyrene produces smooth hydrophobic surfaces for evanescent
wave generation with minimal background,50 and lower refractive
index hydrophobic silica colloids minimizes multiple scattering and
reflections between colloids and surfaces.61−63

Polymer Adsorption. Copolymer adsorption to hydrophobically
modified silica colloids and glass microscope slides required dissolving
copolymers in good solvents: PMAPStb and PMPCtb at 1000 ppm in
100 mM NaCl and PEOtb at 1000 ppm in DI water. Hydrophobically
modified silica colloids were added to each polymer solution and
placed on a shaker for 4 h. 1000 ppm copolymer solutions were added
to O-rings on polystyrene-coated slides. The O-rings were sealed with
glass coverslips for 4 h. The free polymer was removed from particles
and O-rings by five cycles of removal and addition of 100 mM NaCl
with 30 ppm PMAPStb and PMPCtb. Previous quartz crystal
microbalance measurements have shown that maintaining 30 ppm
PMAPStb and PMPCtb prevented desorption,11 whereas PEOtb

adsorbs irreversibly.8,64,65 Finally, O-rings and particles were washed
by three cycles under the final solution conditions and allowed to
equilibrate for 1 h prior to measurements.

Total Internal Reflection Microscopy. Ensemble TIRM was
used to measure the interactions between polymer-coated colloids
and the slide, as described in previous work.3,4 In summary, an
evanescent wave was generated via reflection of a 633 nm HeNe laser
(Melles Griot) onto a prism at 68°. Images were captured using a 40×
objective (LD Plan-NEOFLUAR), using a 12-bit CCD camera
(Hamamatsu Orca-ER) at 4 binning, 4 ms exposure, and a frame rate
of 28 frames per second. In the TIRM experiment,61,66 scattering
intensity, I, of a spherical colloidal particle in an evanescent wave was
used to determine the relative particle−wall separation, h, as67

β− = −h h I Iln( / )m
1

m (6)

where the subscript m indicates the most probable value and β−1 is the
evanescent wave decay length (which depends on the solution
refractive index, which is a weak function of salt concentration). With
a large enough number of observations, a histogram of measured
heights, p(h), can be inverted using Boltzmann’s equation to obtain
the measured potential energy profile, u(h), as

− =
Ä
Ç
ÅÅÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑÑÑu h u h

kT
p h
p h

( ) ( )
ln

( )
( )

m m

(7)

Measurements of single-particle potentials are averaged to obtain
ensemble average potentials.61

■ RESULTS AND DISCUSSION
Adsorbed Polymer Interactions and Dimensions. In

this work, we measured the interactions and layer dimensions
of adsorbed nonionic and zwitterionic triblock copolymers as a
function of aqueous [NaCl] and [MgSO4]. The colloid-surface
geometry and adsorbed triblock polymers are schematically
illustrated (Figure 1A), including triblock copolymer structures
(Figure 1B) and compositions (Figure 1C−E). All the
investigated polymers contain a central insoluble PPO block
of 48 repeat units. The soluble end blocks investigated in this
work include PEO141 as a benchmark nonionic polymer
(Figure 1C), as well as zwitterionic blocks of PMPC80 (Figure
1D) and PMAPS95 (Figure 1E).
TIRM is used to measure the interactions and layer

dimensions between layers physisorbed to colloids and surfaces
versus [NaCl] and [MgSO4]. TIRM enables nonintrusive
measurements of the three-dimensional Brownian motion of
ensembles of colloids above surfaces via video microscopy to
track the lateral motion and evanescent wave light scattering to
measure the motion normal to surfaces with nanometer
resolution. Such measurements are commonly used to obtain
particle−wall interactions,61 but they can also be used to
measure local binding events,3,4,6,68 often due to heteroge-
neous surfaces. Consistent with prior studies,8,11,36 homopol-
ymers of PEO, PMAPS, and PMPC do not form adsorbed
layers that generate repulsion at a sufficient distance to
overcome van der Waals attraction necessary for colloidal
stability and particle levitation necessary for TIRM. Although
the entropy of adsorbed copolymers is expected to differ from
adsorbed or bulk homopolymers,14 which could influence
solvent quality-mediated transitions,13 prior measurements of
solvent quality-mediated behavior of adsorbed copolymers are
qualitatively and quantitatively similar to homopolymers of
water-soluble end blocks.8,11,36 The thicker adsorbed copoly-
mer layers in this work are interesting based on their relevance
to colloidal stability and biofouling surfaces.
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Example data from the current study show how 3D
trajectories show such local binding events (Figure 2A),

which can be excluded from the analyses of particle−wall
potentials. By measuring the equilibrium histogram of heights
sampled by particles above surfaces, particle−wall interaction
potentials are obtained (via Boltzmann’s equation, eq 7) with
nm- and kT-resolution (Figure 2B). By fitting measured
potentials to well-established theoretical models (eq 1) (Figure
2C), the steric interactions between polymer layers are
obtained to reveal their dimensions for the given solution
conditions (Figure 2D).
Given the importance of steric interactions and layer

dimensions in this work, we provide more details of analysis
using a specific example (Figure 2), which is applied in the
same manner for all measurements in this work. Based on the
superposition of interactions captured in eq 1, the steric
interaction is obtained in each case by subtracting the
gravitational potential energy and van der Waals interactions.
These potentials have been extensively measured and modeled,
so that gravity is easily subtracted as a simple linear function
with no adjustable parameters, and van der Waals is subtracted
based on prior measurements and rigorous models8,11,36,50,53,69

to obtain the absolute particle−wall surface separation. Given
the simplicity of subtracting the linear gravitational potential,
and since it is due to body force that is easily separable from
colloidal and macromolecular interactions, the remainder of
profiles is shown without gravity.
The adsorbed polymer layer thickness, L0, on the particle

and wall surfaces is determined to be half the surface
separation at which the onset of steric repulsion is observed
(∼0.1 kT repulsion). This provides a kT-scale measurement of
layer thicknesses due to osmotic repulsion generated by the
very initial overlap of segments in the periphery of adsorbed
layers. It should be noted that the ionic strength of all the
measurements in this study causes electrostatic double layer
repulsion to be in much shorter range than the measured steric
interactions. For example, in Figure 2, the most probable
particle−wall surface separation when including all interactions

Figure 2. Colloidal trajectories on surfaces resolve kT- and nm-scale
interactions. (A) 2D trajectories of 2 μm silica colloids with adsorbed
PMAPStb in 50 mM NaCl, where color indicates binding lifetimes.
(B) Single-particle potential energy profiles (from eq 7) of particles
with only short binding lifetimes. (C) Ensemble average potential
energy profile (blue points) fit to theoretical potential (blue line, eq
1), which is convoluted using a Gaussian kernel to include
measurement noise.11 (D) Net potential with gravity subtracted and
steric repulsion shown separately. The separation for the contact of
two layers is marked as 2L0 when the steric repulsion decays to 0.1kT,
where L0 is a single-layer thickness.

Figure 3. Potential energy profiles for adsorbed copolymer interactions vs [NaCl] and [MgSO4]. Inset legends: (circles) [NaCl], (triangles)
[MgSO4] added to [NaCl] with the same color circle, (open symbols) 2 μm colloids, and (filled symbols) 4 μm colloids. Dashed lines indicate 2L0.
Interactions vs [NaCl] between the following adsorbed copolymers: (A) PEOtb, (B) PMAPStb, and (C) PMPCtb. Interactions vs [NaCl] +
[MgSO4] between the following adsorbed copolymers (D) PEOtb, (E) PMAPStb, and (F) PMPCtb.
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is 38 nm (Figure 2C), and after gravity and van der Waals are
subtracted, the PMAPStb layer thickness is found to be L0 = 22
nm in 0.05 M NaCl (Figure 2D). This example illustrates the
analysis used to model interactions and layer dimensions for all
measurements in this work.
Adsorbed Polymer Interactions versus [NaCl]. To

establish a baseline before investigating MgSO4 that is
known to introduce specific ion effects, we first measured
layer dimensions of adsorbed copolymers versus [NaCl]
(Figure 3A−C). For adsorbed PEOtb interactions in [NaCl]
= 0.05−1 M, the range and form of repulsive interactions show
no observable dependence on [NaCl] in the range tested
(Figure 3A). The range of steric interactions reveals the
adsorbed layer thickness to be L0 = 20 nm for all [NaCl]
concentrations. Such behavior is consistent with NaCl not
showing specific ion effects on the dimensions or interactions
of PEO chains. There also does not appear to be any
nonspecific ion effects associated with electrostatic inter-
actions, which is expected as PEO is nonionic.
We next report measurements of adsorbed PMAPS

interactions on two different-sized colloids in the same range
of [NaCl] = 0.05−1 M NaCl (Figure 3B). Below 0.05 M NaCl,
particles with adsorbed PMAPS deposit on surfaces with
adsorbed PMAPS, which indicates net attraction between the
layers rather than a repulsive stabilizing interaction. This
finding is also consistent with prior and literature results,
showing PMAPS to be insoluble at such low [NaCl].24,27,37 In
the range of 0.05−0.15 M NaCl, using 2 μm colloidal probes,
the range of repulsion increases with increasing ionic strength,
which corresponds to a small but consistent increase in L0 from
21 to 23 nm. At the highest concentration of 0.3 M NaCl,
using a 3 μm colloid with longer range van der Waals, the layer
thickness remains at L0 = 23 nm. These results are consistent
with an “antipolyelectrolyte” effect, where zwitterionic PMAPS
chains swell with increasing NaCl concentration from being
initially insoluble in DI water.24,25 The antipolyelectrolyte
effect is a nonspecific ion effect; it is understood as screening of
electrostatic attraction between dipolar zwitterionic groups,
which does not depend on ion identity but only on its charge
sign and valence.
The third copolymer in this work, PMPCtb, was also

measured by TIRM to quantify the interactions and layer
dimensions over the same NaCl range as the PEOtb and
PMAPStb copolymers. A repulsive interaction between
PMPCtb layers is observed, which does not change either in
shape or range for [NaCl] = 0.05−1 M NaCl (Figure 3C). The
layer dimension is found in all cases to be 2L0 = 42 nm. In
contrast to PMAPS, we also found PMPCtb to be soluble and
produce similar layer dimensions at lower ionic strengths
(<0.05 M NaCl). The observed [NaCl] independence of
PMPC dimensions and interactions is consistent with our prior
results and literature studies, where PMPC does not display an
antipolyelectrolyte effect. In short, adsorbed PMPCtb does not
display nonspecific ion effects in the presence of NaCl like
adsorbed PEOtb, although it seems it should display
antipolyelectrolyte effects like PMAPS based on both being
zwitterionic polymers.
The different [NaCl]-dependent interactions and dimen-

sions of three net-neutral copolymers suggests the importance
of investigating how such polymers respond to a salt that is
well established to show specific ion effects (i.e., MgSO4 in the
following sections). Given that specific ion effects can influence
the solvent, segment, and ion interactions and entropy in

solvated polymer chains, a comparison and contrast with
nonspecific ion-dependent interactions and dimensions may
provide new insights.

Adsorbed Polymer Interactions versus [NaCl] and
[MgSO4]. Using the NaCl results as a foundation, we now add
[MgSO4] to [NaCl] background levels already tested in the
prior section (Figure 3D−F). Practically, in each salt
composition, the ionic strength of NaCl was kept constant at
the same value, as shown in Figure 3A−C, and MgSO4 was
added to understand its role in addition to NaCl. Based on our
prior work on adding MgSO4 to adsorbed PEOtb layers,9,19 we
first added 0.3 M MgSO4 and 0.05 M NaCl to adsorbed PEOtb
copolymers (Figure 3D), which results in stronger van der
Waals attraction (∼0.7kT) compared to that with only NaCl
(∼0.5kT) (Figure 3A), and shorter-range repulsive interactions
between PEO layers. A 5 nm reduction in the range of
repulsion corresponds to a 2.5 nm dimensional collapse of each
adsorbed layer. Increasing to 0.4 M MgSO4 and 0.05 M NaCl
causes particles to deposit on the wall due to attraction
between adsorbed PEOtb layers as a result of poor solvent
quality. MgSO4 clearly has a dramatic effect on PEOtb
interactions compared to complete insensitivity to NaCl, which
is consistent with the well-known specific ion effects of MgSO4
on aqueous PEO phase behavior.
Next, we added MgSO4 and NaCl to adsorbed PMAPStb

copolymers (Figure 3E). For PMAPStb, a significant range in
the reduction of repulsion and a corresponding dimensional
collapse occur in 0.05 M NaCl by the addition of only 0.005 M
MgSO4. The layer collapses from 2L0 = 43 nm (Figure 3B) to
32 nm (Figure 3E). This is a much larger relative dimensional
collapse for PMAPS compared to PEO with a much smaller
change in [MgSO4]. However, when 0.1 M MgS04 to 0.3 M
NaCl was added, the dimensional collapse was much smaller
from 2L0 = 46 to 40 nm. These results show that the addition
of as more NaCl is added to PMAPS layers, it which causes
them to expand, so more MgSO4 is required to make them
collapse. This shows that while NaCl mediates a nonspecific
ion effect of screening zwitterionic dipolar attraction to
produce chain expansion (via the antipolyelectrolyte effect),
MgSO4 causes a layer collapse in PMAPS similar to its effect
on PEO. In short, PMAPS displays a nonspecific ion-
dependent response to NaCl, and a specific ion-dependent
response to MgSO4. While screening zwitterionic dipolar
interactions explains the different NaCl-dependent behavior of
PMAPS and PEO, both polymers collapse and eventually
exhibit polymeric attraction under poor solvent conditions
because of the added MgSO4.
In contrast to both nonionic PEOtb and zwitterionic

PMAPStb copolymers, adsorbed zwitterionic PMPCtb inter-
actions and dimensions are completely insensitive to all
compositions of [NaCl] and [MgSO4] investigated in this
work. Practically, there was no change in the functional form or
range of repulsion between adsorbed PMPC layers for [NaCl]
= 0.05−1 M and [MgSO4] = 0.05−1 M (including combined 1
M NaCl and 1 M MgSO4). The PMPC copolymer does not
show classic screening of zwitterionic dipolar interactions,
which is a nonspecific electrostatic interaction, nor does it
show classic specific ion effects exhibited by both nonionic
PEO and zwitterionic PMAPS copolymers in the presence of
MgSO4. These results demonstrate the unique properties of
PMPC and raise fundamental questions about the mechanisms
of specific ion effects in aqueous macromolecular solution
behavior.
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Adsorbed Layer Dimensions and Phase Behavior
versus [NaCl] and [MgSO4]. From direct measurements of
separation-dependent interactions between adsorbed layers in
Figure 3, we now summarize [NaCl]- and [MgSO4]-
dependent layer dimensions and solution behavior. The layer
dimensions, L0, of PEOtb, PMAPStb, and PMPCtb copoly-
mers are summarized for the measured MgSO4/NaCl
compositions (in Figure 3) along with the contour length for
reference in each case (Figure 4). The PEOtb copolymer layer
thickness is essentially unchanged for [NaCl] in the range
between 0.05 and 1 M. However, the same layers contract by
∼2 nm, or from 60 to 53% of the contour length, when 0.3 M
MgSO4 is added (Figure 4A). For [MgSO4] > 0.3 M, PEO
layers experience a net attraction and particle deposits on the
wall, which is also expected to correspond to phase separation
of such chains in solution (Figure 5A).
Layer thicknesses from the onset of steric repulsion were

determined from Figure 3 for interactions of the following
adsorbed copolymers: (A) PEOtb (Lc = 36.6 nm), (B)
PMAPStb (Lc = 24.7 nm), and (C) PMPCtb (Lc = 20.8 nm).
The inset legend is [NaCl], which matches the color scheme in
all other figures. The weight-averaged molecular weight
contour length (to account for measured polydispersities) is
shown for each end block (dash-dot). The particle−wall
surface separations for 5kT of van der Waals attraction
(dashed) for 2 μm and 4 μm colloids indicate the minimum
layer thickness when particles would deposit on the wall in the
presence of layers with repulsive interactions. Error bars are
shown for three measurements.
Adsorbed PMAPStb copolymers display a rich and complex

dependence on both [NaCl] and [MgSO4] (Figure 4B). In the
absence of MgSO4, the layers expand by a couple of nm to
produce highly stretched configurations that are ∼90% of the

contour length. A small proportion of polydispersed chains
within the adsorbed layer might produce thicker layers and
provide some explanation for the significant extension
approaching the contour length.36 Because PMAPS chains
are insoluble below 0.05 M NaCl and are highly extended at
higher [NaCl], it is clear that they undergo expansion in NaCl,
consistent with literature results.31 However, the antipolyelec-
trolyte effect saturates in this [NaCl] range as chains cannot
easily extend further, which is consistent with literature studies
indicating zwitterionic polymers reaching a threshold exten-
sion.37

In [NaCl] and [MgSO4] mixtures, PMAPS layers collapse
with increasing [MgSO4], but the degree of collapse depends
on [NaCl] (Figure 4B). This is apparent from the fact that
[MgSO4] required to collapse layers to the same extent
increases as [NaCl] increases. For example, PMAPS layers
collapse in the following way: (i) by ∼6 nm when 0.005 M
MgSO4 is added to 0.05 M NaCl, (ii) by ∼5 nm when 0.07 M
MgSO4 is added to 0.1 M NaCl, and (iii) by ∼4 nm when 0.1
M MgSO4 is added to 0.3 M NaCl. These data show that an
order of magnitude higher [MgSO4] is needed to achieve
similar collapses for doubling [NaCl] at low concentrations,
although the effect saturates at higher [NaCl]. In each case,
PMAPS layers collapse from ∼90% of their contour length to
∼60−80% of their contour length before the adsorbed layers
become attractive and the particles deposit on the substrate.
PMAPS dimensions depend on both [NaCl] and [MgSO4],
which contrasts PEO layers that depend on [MgSO4] but are
independent of [NaCl].
Further increasing [MgSO4] at fixed [NaCl] for PMAPS

beyond the terminal points of each curve in Figure 4B causes
particles to deposit, which indicates an attraction between
layers. The last measured layer thickness in each case is well

Figure 4. Summary of adsorbed copolymer layer dimensions (steric thickness) vs [NaCl] and [MgSO4].

Figure 5. State diagram of aqueous [NaCl] and [MgSO4] compositions when adsorbed copolymer layers are either repulsive/extended or
attractive/collapsed. Colored points correspond to the following compositions measured in Figure 3: (A) PEO, which has no NaCl dependence,
(B) PMAPS, which depends on both NaCl and MgSO4 (where the dashed line indicates uncertainty in how far this trend persists), and (C) PMPC,
which has repulsive layers for all compositions investigated.
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beyond the range of particle−substrate van der Waals
attraction (dashed lines in Figure 4) in all cases, and only a
slight addition of [MgSO4] beyond the last point immediately
caused the particle deposition. Based on these observations,
the deposition appears to occur as a result of attraction
between PMAPS chains on opposing surfaces rather than a
large sudden first-order transition in the layer dimensions that
would suddenly allow a large van der Waals attraction between
the particle and the substrate. Based on this interpretation, we
summarize the combinations of [MgSO4] and [NaCl] (Figure
5B) that lead to effective phase separation of PMAPS chains
via a net intermolecular interaction. This plot clearly illustrates
a competition between [MgSO4] and [NaCl], where more
[NaCl] appears to favor adsorbed PMAPS solubility and layer
expansion, which then requires increasingly high concentration
of [MgSO4] to collapse such layers and cause phase separation.
The highly extended dimensions of adsorbed PMPC layers

are insensitive to the entire range of [MgSO4] and [NaCl]
investigated. Practically, for all concentrations of both salts up
to 1 M, the adsorbed PMPC layers are extended to ∼85% of
their weight-averaged molecular weight contour length (i.e.,
computed from the number of repeat units based on the
weight-averaged molecular weight to consider longer chains
based on polydispersity11,36) (Figure 4C). In addition,
interactions between adsorbed layers were purely repulsive
for all conditions (Figure 3C), which also correspond to a
single-phase stable solution for all conditions (Figure 5C).
Although the insensitivity of PMPC to [NaCl] has been well
documented, the insensitivity to [MgSO4] as well as to
[MgSO4] and [NaCl] mixtures is new and surprising.
Adsorbed Layer Interactions and Phase Behavior.

The qualitatively different responses of adsorbed PEOtb,
PMAPStb, and PMPCtb layer dimensions, interactions, and
phase behavior in [MgSO4] and [NaCl] mixtures are not
obvious and require a molecular explanation. Several molecular
mechanisms must be considered including electrostatic and
dipolar interactions as well as the entropy of solvated
structures. While we do not directly measure the molecular
interactions, our kT- and nm-scale measurements of macro-
molecular interactions and dimensions for a series of aqueous
neutral polymers with very different behaviors provide a
unique data set for understanding molecular mechanisms in a
consistent manner.
PEO solution behavior is generally well documented as

depending on the ability of repeat units to a favorable fit within
the water structure70 (Figure 6Ai). This concept is used to
understand the solubility of PEO in aqueous media in contrast
to nearly all other alkylene oxide polymers (based on the
molecular structure), as well as the lower critical solution
temperature behavior of PEO solutions (based on the thermal
expansion of water structure).15 It is also understood that
because NaCl does not have electrostatic interactions with
PEO segments in aqueous media, and it does not significantly
affect water structure in the presence of PEO (e.g., relatively
small positive molar volume and negative entropy of
hydration71),17,72 NaCl has essentially no influence on PEO
solubility (Figure 6Aii).
However, in the presence of MgSO4, PEO is known to phase

separate (Figure 6Aiii), which is considered to result from
MgSO4 altering water structure unlike thermal effects on water
structure and PEO solubility.9 In short, NaCl does not have
any effect on PEO (nonspecific or specific), whereas MgSO4
exerts a specific ion effect by changing the water structure (e.g.,

negative partial molar volume, relatively large negative entropy
of hydration71), which is thought to compete with PEO
solubility. This understanding of PEO solubility in the
presence of NaCl and MgSO4 is consistent with our direct
measurements of layer interactions, dimensions, and phase
behavior (Figures 3A−5A), and it provides a basis for
comparison and contrast with zwitterionic PMAPS and
PMPC polymers.
PMAPS polymers are well known to display the anti-

polyelectrolyte effect common in zwitterionic polymers.
Whereas polyelectrolytes contract with increasing [NaCl]
due to screening intramolecular electrostatic repulsion between
single-charge moieties (monopoles), zwitterionic polymers
expand with increasing [NaCl] due to screening intramolecular
electrostatic attractions between zwitterionic moieties (di-
poles).34 It should be noted that the relatively weak PEO
monomer backbone dipole (1.04 D73) does not display any
such antipolyelectrolyte effect and [NaCl] dependence.
PMAPS sulfobetaine moieties have significant dipole moments
(24.9 D74), which when screened should increase chain
dimensions, net intra- and inter-molecular repulsions, and
solubility. These trends are indeed observed with increasing
[NaCl] in this work (Figures 3−5B, 6Bi,ii), where chains are
insoluble in the absence of NaCl and then expand and increase
their range of repulsion at higher [NaCl]. These observations
are consistent with prior measurements of both unadsorbed
and adsorbed/grafted chain dimensions, interactions, and
solubility.27,36,75 In short, the [NaCl]-dependent behavior of
adsorbed PMAPS layers is a nonspecific ion effect described by
electrostatic interactions independent of ion type.
Adding MgSO4 to adsorbed PMAPS layers causes them to

collapse like PEO, but in a manner that also depends on
[NaCl] (Figures 3−5B, 6Biii), suggesting a competition
between two effects. The antipolyelectrolyte effect that
increases PMAPS dimensions, interactions, and solubility
with increasing [NaCl] is reversed by adding MgSO4 in
increasing proportions to the amount of NaCl present (Figure
5B). Because MgSO4 does not appear to contribute to the

Figure 6. Schematic representations of specific and nonspecific ion
effects on adsorbed copolymers inferred from measurements of
interactions and layer dimensions. Schematics are shown for the
following adsorbed copolymers: (A) PEOtb, (B) PMAPStb, and (C)
PMPCtb. Solution compositions are indicated as follows: (i) no
added salt, (ii) NaCl, and (iii) NaCl and MgSO4. See text for a
discussion on schematics.
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antipolyelectrolyte effect but instead decreases solubility, as it
does for PEO, it appears to have a similar specific ion effect in
the case of PMAPS. The obvious simplest explanation is that
MgSO4 changes water structure and PMAPS solubility as it
does for PEO, only now it competes with the antipolyelec-
trolyte effect, which was not important for PEO. Although
MgSO4 could interact with dipolar zwitterionic moieties or
affect the entropy of solvated structures beyond the water
structure, introduction of additional concepts is not obviously
necessary to explain the PMAPS results or is warranted by
information accessible in our measurements of layer
interactions and dimensions.
Adsorbed PMPCtb layers do not change interactions,

dimensions, or solubility for a broad range of [MgSO4] and
[NaCl] mixtures investigated (Figure 6C), which is different
from both PEO and PMAPS and therefore requires
consideration of different molecular mechanisms. Although
the insensitivity of PMPC to [NaCl] is well known,24,42,76 its
insensitivity to [MgSO4] has not been reported before to our
knowledge. The phosphorylcholine (PC) moiety on PMPC
has a dipole moment (21.30 D77) significantly higher (>20×)
than PEO and somewhat smaller (∼85%) than PMAPS, but
this similarity alone does not lead to the common
antipolyelectrolyte effect. A literature study has noted that
switching the PC moiety orientation on the polymer backbone
has been shown to yield the common [NaCl]-dependent
antipolyelectrolyte behavior (like PMAPS);78 this suggests the
importance of local molecular structure in the solution
behavior of PMPC beyond simple nonspecific screening of
dipolar attraction. It seems that the special behavior of PMPC
in NaCl also translates into its solution behavior in MgSO4.
The [MgSO4] independence of all PMPCtb-adsorbed

copolymer properties provides additional insights into aqueous
PMPC behavior. [MgSO4] does not produce antipolyelec-
trolyte behavior in PMPC, so there are no obvious nonspecific
ion effects, or electrostatic screening, with either salt. [MgSO4]
in the 0−1 M range also does not produce any detectable
dimensional collapse of PMPC, which is also a significant
departure from its effect on both PEO and PMAPS. As a result,
the typical mechanism of MgSO4 altering water structure in a
manner that competes with polymer solubility appears to be
compensated for by another mechanism. For comparison,
other solutes such as ethanol have been shown to render
PMPC insoluble in aqueous solutions,79 which is attributed to
a favorable enthalpy decrease due to formation of water−
ethanol hydrogen bonds. Because changing the PMPC
structure by switching PC orientation can induce an
antipolyelectrolyte effect with other salts, and aqueous
PMPC solubility can be altered by adding other competitive
solutes such as ethanol, the solvated molecular structure of
PMPC and its competitive interactions with water and MgSO4
appear to be unique. It seems that the solvation of PC moieties
by water dominates dipolar screening, altered water structure,
and competitive solute−water interactions. Whether the
solvation of PMPC by water molecules dominates other
effects by entropic (structural) or enthalpic (interaction)
contributions is difficult to surmise from our data.

■ CONCLUSIONS
By comparing and contrasting our direct measurements of
[NaCl]- or [MgSO4]-dependent PEOtb, PMAPStb, and
PMPCtb copolymer layer interactions, dimensions, and
phase behavior, our findings are the first to elucidate what

mechanisms contribute to the thermodynamic solution
behavior of each polymer. Our findings broadly demonstrate
the complexity of unique interactions observed for each
polymer and salt, as well as practically indicate the conditions
when such polymers stabilize colloids against aggregation and
deposition on surfaces.
As a benchmark, the adsorbed PEOtb copolymer follows

established expectations in its [NaCl] independence, because it
is nonionic, and in its [MgSO4] dependence, because of
competing interactions and water structure changes. Likewise,
adsorbed PMAPStb displays a weak antipolyelectrolyte effect
with increasing [NaCl], which is consistent with bulk and
grafted PMAPS measurements. The specific ion effects
associated with [MgSO4] dependence of PMAPS have not
been reported previously but appear to be somewhat similar to
the underlying mechanisms for PEO, the main difference being
that PMAPS chains collapse via a specific ion-mediated
[MgSO4] dependence that competes with chain expansion
via a nonspecific ion-mediated [NaCl]-dependent antipolye-
lectrolyte effect. Finally, PMPC-adsorbed layers display no
obvious dependence on either [NaCl] or [MgSO4], which
suggests no contributions from nonspecific or specific ion
effects that influence PEO and PMAPS. Based on our results in
conjunction with literature evidence, it seems that solvation of
PC moieties on PMPC, involving possibly both PC−water
interactions and structure, must dominate all other interactions
to maintain consistent PMPC interactions and dimensions
independent of [NaCl] or [MgSO4]. Ultimately, these results
provide a better understanding of aqueous polymer solution
thermodynamics and solvent quality-mediated macromolecular
interactions important to diverse materials and applications.
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