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ABSTRACT: We report synthesis of novel zwitterionic
triblock copolymers and direct measurements of their
interactions when adsorbed to colloids and surfaces. We
investigate triblock copolymers with poly(2-methacryloyl-
oxyethylphosphorylcholine) (PMPC) end blocks separated
by a poly(propylene oxide) (PPO) center block, with
comparison to poly(ethylene oxide) PEO−PPO−PEO
analogues. Interaction potentials are measured for a molecular
weight series of PMPC and PEO copolymers adsorbed to
hydrophobic colloids of varying diameter and planar surfaces.
Findings indicate that, for the same number of repeat units, PMPC brushes generate repulsion at several times the distance of
PEO brushes. PEO brush dimensions and interactions show good agreement with polymer brush models, whereas PMPC
interactions suggest layer architectures with chain extensions approaching the PMPC block contour length. While PEO blocks
must have 2−3 times as many repeat units to generate the same thickness as PMPC blocks, PMPC and PEO layers of the same
thickness generate equivalent interactions and colloidal stability.

■ INTRODUCTION

Prevention of particle aggregation and deposition in physio-
logical media is critical to applications involving biosensors,1,2

drug delivery,3 and filtration.4 Adsorption of polymers to
colloidal particles and surfaces is a common strategy to
stabilize colloids against aggregation and prevent their
deposition onto surfaces. Polymer layers that are effective at
stabilizing colloidal particles against aggregation and deposi-
tion must generate repulsion of sufficient range and magnitude
to overcome attractive interactions.5 The range and magnitude
of repulsion are enhanced for layers with “polymer brush”
architectures, where lateral crowding causes chains to extend
away from surfaces.6 Polymer chemistries that have been found
to be most favorable for generating repulsion are often well
solvated and uncharged, presumably to minimize attractive
segment interactions.7−9 Poly(ethylene oxide) (PEO) satisfies
many of the cited physical and chemical constraints and is
widely considered as the benchmark for colloidal stabilization
in physiological ionic strength aqueous media.3,10−12

Zwitterionic polymer chemistries have gained attention as
potential alternatives to PEO.13,14 Zwitterionic polymers are
composed of a hydrocarbon backbone with zwitterionic
moieties, which consist of positive and negative functional
groups with a net neutral charge and significant dipole
moments. Several studies have demonstrated zwitterionic
polymer surface layers to reduce adhesion of proteins15 and
cells,1 increase colloidal stability,16 and increase drug
circulation time.17 Enhanced antifouling by zwitterionic

polymers is often attributed to “superhydrophilicity” of
zwitterionic polymers (i.e., favorable water−monomer inter-
actions14 inferred from simulations13 and spectroscopy18).
However, several conflicting studies have reported either
equivalent1,19−21 or inferior20,22 colloidal stabilization and
antifouling behavior by zwitterionic polymers relative to PEO.
This suggests there is more to understand in the net
interactions of zwitterionic and PEO copolymers.
Varied findings in comparative studies of zwitterionic and

PEO polymers may partly arise from limitations on controlling
or characterizing layer architectures. Many studies investigate
either “grafted-to” layers, which often produce lower surface
concentrations, or “grafted-from” layers, which are more
difficult to characterize (since chains must be removed for
analysis).7,23 Another strategy is to use physisorbed copoly-
mers, which are straightforward to process and characterize
(prior to adsorption). First-principles design of copolymer
compositions and architectures is not trivial based on a
complex balance of segment, solvent, and surface interactions.
However, copolymers capable of forming thick, dense layers
via physisorption have been identified.24,25 A notable example
is PEO−PPO−PEO triblock copolymers, which are well
established for stabilizing hydrophobic colloids in aqueous
media.11,25,26 While a number of studies have investigated the
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phase behavior and emulsion stabilizing ability of zwitterionic
copolymers,27−30 less have explored their use as colloidal
stabilizers.31,32 Many studies have explored synthesis of novel
polymers, but none have systematically studied connections
between layer properties, interactions, or effects on colloidal
aggregation and deposition.
Although interactions of zwitterionic and EO polymers

determine all of their behaviors and properties, a limited
number of studies have directly measured or modeled such
interactions. Several studies have measured polymer layer
interactions,33−37 typically at high applied normal forces that
produce significant compression. High normal forces and layer
deformation are important to adhesion, friction, and
lubrication between adsorbed layers but are less relevant to
colloidal stability. Colloidal stability is determined by the net
balance of competing colloidal interactions at the very onset of
repulsion between adsorbed layers.38−42 In particular, colloidal
stabilization is highly sensitive to kT-scale repulsion between
adsorbed polymer layers for weak interpenetration and
compression of adsorbed layers at the periphery of the
adsorbed layer architecture where their density profile
vanishes.6,39 The authors are unaware of measurements of
zwitterionic copolymer interactions in the regimes relevant to
colloidal stability. Furthermore, we are unaware of any
systematic studies of how block chemistries, molecular weights,
and adsorbed layer architectures are related to interactions
critical to colloidal stability.
Here, we report measured interactions between PEO and

zwitterionic copolymers adsorbed to hydrophobic colloids and
surfaces. Measurement of symmetric interactions in this work
provide a basis to understand colloidal stability and a basis for
future measurements of asymmetric interactions with bio-
materials relevant to antifouling coatings and drug delivery.
Measurements are reported for commercial PEO−PPO−PEO

copolymers as well as novel zwitterionic copolymers of
PMPC−PPO−PMPC (Figure 1). Ensemble total internal
reflection microscopy (TIRM)43 is used to measure potential
energy profiles with kT and nanometer scale resolution
between adsorbed triblock copolymer layers with varying
molecular weights of the PEO and PMPC end blocks.
Additional characterization of adsorbed layers by dynamic
light scattering and quartz-crystal microbalance in conjunction
with theoretical models is used to compare and contrast PEO
and PMPC copolymer layer properties, architecture, and
interactions. Finally, measured interactions are connected to
colloidal stability against deposition and aggregation for a
range of colloid diameters and copolymer molecular weights.
Our findings show important differences in PEO and PMPC
copolymer interactions and architectures that determine
colloidal stability in physiological media.

■ MATERIALS AND METHODS
PEO−PPO−PEO and PMPC−PPO−PMPC Copolymers. PEO−

PPO−PEO copolymers were donated by BASF with details in Table
S2. PMPC−PPO−PMPC triblock copolymers were synthesized by
polymerization of MPC monomer onto Br-PPO48−Br macroinitiator
by activator regenerated by electron transfer-atom transfer radical
polymerization (ARGET-ATRP) with copper catalyst. PPO48 macro-
initiator (Br-PPO48-Br) (50 mg, 0.016 mmol) and MPC (953 mg,
3.23 mmol, 100 mol equiv to -Br) were dissolved in methanol (3 mL).
Tris(2-pyridylmethyl)amine (TPMA) ligand and ascorbic acid
(reducing agent) were also prepared in methanol at 10 mg/mL
each. Aliquots of the TPMA solution (187 μL, 6.5 μmol, 10 mol equiv
to Cu) and ascorbic acid solutions (114 μL, 6.5 μmol, 10 mol equiv to
Cu) were added to the flask that contained the macroinitiator and
monomer, sealed, and bubbled with argon for 40 min at room
temperature. Separately, a stock solution of CuBr2 catalyst was
prepared in methanol at 2 mg/mL and bubbled under nitrogen for 30
min. The flask containing macroinitiator, MPC, TMPA, and ascorbic

Figure 1. Synthesis of PMPC triblock copolymers and adsorption onto hydrophobic colloids and surfaces. (A) Synthesis of PMPC−PPO−PMPC
by ARGET-ATRP from a PPO48 macroinitiator. (B) Configuration for adsorption and schematic architecture of commercial PEO−PPO−PEO and
synthesized PMPC−PPO−PMPC on hydrophobically modified (silane) silica colloids and glass microscope slides. The sphere−wall geometry is
used to measure interaction potentials and deposition behavior. PMPC and PEO triblock copolymer molecular weights and number of repeat units
are reported in Tables S1 and S2.
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acid was immersed in an oil bath at 40 °C, and the reagents were
homogenized under vigorous argon flow for ∼2 min. Polymerization
was started by the addition of CuBr2 solution (72 μL, 0.65 μmol, 200
ppm relative to MPC) via a degassed gastight syringe. Polymerization
was performed at 40 °C for 18 h and stopped by immersing the flask
in an ice bath and opening it to atmosphere. The product was purified
by dialysis against methanol and nanopure water and recovered by
lyophilization. The degree of polymerization of PMPC blocks was
varied by changing the MPC monomer amount in the reaction.
Synthesis of Br-PPO48-Br Macroinitiator. Poly(propylene

oxide) (PPO, Mn ∼ 2700 g/mol) was dissolved in anhydrous toluene
and distilled at 90 °C and 100 mTorr for 1 h to remove residual water.
The flask was submerged in an ice bath with 4 mol equiv of
trimethylamine, followed by dropwise addition of 4 mol equiv of 2-
bromoisobutyryl bromide. The reaction was run for 24 h at 20 °C,
after which time the mixture was filtered to remove the insoluble
hydrobromide salts. After filtration, the reaction mixture was stirred
with activated carbon, filtered again, and dried under vacuum. The
crude product was mixed with pH 9 water (300 mL) and extracted
several times with dichloromethane. The organic layer was further
backwashed with 0.5 M sodium bicarbonate, brine (5 M NaCl), and
water and then dried with MgSO4 to remove traces of water. The
organic mixture was then filtered to remove MgSO4 and dried under
vacuum. The degree of esterification was calculated to be 100% based
on the disappearance of the hydroxyl peak at 4.41 ppm. Example
NMR is shown in Figure S4A.
Polymer Characterization. 1H NMR spectra were recorded on a

Bruker AV 400 MHz spectrometer in either DMSO-d6 or methanol-
d4. Spectra were referenced to DMSO (2.50 ppm) or CD3OD (3.31
ppm). A representative example of the 1H NMR is provided in Figure
S4B for PMPC57−PPO48−PMPC57. The degree of polymerization
(DP) of the purified product was calculated by comparing the signals
from the PMPC side chains (δ 4.45−3.86 ppm) and methyl peaks of
PPO and PMPC (δ 1.23−0.72 ppm), taking into account that the
number of hydrogens corresponding to PPO is 144H.
Static light scattering (SLS) was performed with DAWN HELEOS

II (Wyatt Technology) with 120 mW GaAs linearly polarized laser
operated at 658 nm. Polymer solutions were dissolved in
trifluoroethanol at concentrations ranging from 0.05 to 2.5 mg/mL
and were filtered through 0.45 μm PVDF syringe filters (Genesee
Scientific) prior to measurements. Pump velocity and flow cell
temperature were kept at 0.2 mL/min and 25 °C, respectively.
Methoxypoly(ethylene glycol) (5 kDa, Sigma-Aldrich; 5 mg/mL
solution in trifluoroethanol) was used as a normalization standard,
with Rg set to 2 nm. Values of dn/dc were measured using differential
refractometry (see the Supporting Information) and used to
determine polymer absolute molecular weight. Mw and second virial
coefficient (A2) values were extracted from Zimm plots using the
Astra 6.1 software and the Debye model. Example SLS measurements
are shown in Figure S1. Measured NMR and SLS characterization
parameters are reported in Table S1.
Polymer-Coated Colloids and Slides.Microscope slides (Fisher

12-549-3) were cleaned before use as described previously44 and dried
with N2. Clean slides were rendered hydrophobic by spin-coating
(3000 rpm, 1 min) with a 3% w/w solution of polystyrene (Sigma-
Aldrich 430102) in toluene (Fisher T324). Silica colloids of nominal
1.6−5.0 μm diameter (Bangs Laboratories) were rendered hydro-
phobic by coating with octadecyl molecules via reaction with
octadecanol (Sigma-Aldrich CAS 112-92-5) as described previously.44

120 and 400 nm nominal diameter polystyrene sulfate latex (Thermo
Fisher Invitrogen S37391) was used as received. Adsorbed polymer
layers were formed by dissolving PEO and PMPC copolymers in DI at
0.5−1 mg/mL (above the CMC of 0.01−0.05 mg/mL for all
polymers) and contacting polymer solutions with hydrophobic
colloids or hydrophobic slides for a minimum of 4 h. Free polymer
was removed from particles and slides via centrifugation (particles)
and washing (slides) with phosphate buffered saline.

■ RESULTS AND DISCUSSION

Copolymer Synthesis, Adsorption, Stabilization. To
measure interactions of adsorbed PEO−PPO−PEO and
PMPC−PPO−PMPC triblock copolymers, we first synthesized
and characterized polymers before adsorbing them to particles
and surfaces. PMPC−PPO−PMPC triblock copolymers (here-
after termed PMPC copolymers) were synthesized by ARGET-
ATRP polymerization (details in the Supporting Information).
In brief, PPO48 macroinitiator (Figure 1a) was functionalized
with 2-bromoisobutyryl bromide and used for atom transfer
radical polymerization. Stoichiometric control of reagents was
used to vary the degree of polymerization, n, of each PMPC
block between n = 10−80, which was characterized by NMR
(Figure S1). PMPC copolymer polydispersities were found to
have Mw/Mn = 1.1−1.4 from static light scattering (Figure S2
and Table S1). For comparison with PMPC copolymers,
commercial PEO−PPO−PEO copolymers (hereafter termed
PEO copolymers) were obtained with a range of PEO and
PPO repeat unit configurations summarized in Table S2. The
PEO blocks vary from n = 17−141, and the PPO blocks vary
from n = 29−65. PEO copolymer polydispersities were found
to have Mw/Mn = 1.1−1.2 from the literature studies.26

To stabilize colloidal particles against aggregation/deposi-
tion in physiological ionic strength media (i.e., phosphate-
buffered saline, 150 mM NaCl), PMPC and PEO copolymers
were adsorbed to silica colloids and glass microscope slides.
The silica colloids and glass slide surface were rendered
hydrophobic through modifications with octadecyl chains,
which has been shown to be necessary to form brush
architectures (Figure 1b) for PEO copolymers.10,26,39,45,46

Silica colloids of diameter 2a = 100−400 nm were stabilized
against aggregation using copolymers with PEO blocks with n
≥ 62 and PMPC blocks with n ≥ 28 (Figure S4). Likewise,
silica colloids of diameter 2a = 1.6−4.8 μm were stabilized
against deposition using copolymers with PEO blocks with n >
76 and PMPC blocks with n > 28 (Figure S5). These results
are consistent with expectations in that smaller colloids (with
shorter range van der Waals attraction) and higher molecular
weight PEO and PMPC blocks (with longer range repulsion)
result in the greatest stability. However, the surprising result is
that PEO blocks must have 2−3 times as many repeat units as
PMPC blocks to impart the same degree of stability. This
suggests important differences in layer architectures that we
aim to understand via direct measurements of interactions.

Interaction Potentials between Adsorbed Copoly-
mers. Interaction potentials with nanometer and kT-scale
resolution were directly measured between colloids and planar
surfaces with adsorbed PEO and PMPC copolymers using
ensemble TIRM (see the Supporting Information for de-
tails).43,47 Measured ensemble averaged potentials for copoly-
mer coated silica colloids (2a = 2.8 μm) are reported for
varying PEO block repeat units (n = 27−141) in Figure 2a and
varying PMPC block repeat units (n = 28−80) in Figure 2b.
Single particle potentials are similar to each other and the
ensemble average interaction (Figure S6) indicating the
uniformity of the adsorbed layers on particles and microscope
slide, consistent with previous ensemble TIRM measure-
ments.48,49 For both copolymers, decreasing n decreases the
range of repulsion between adsorbed polymer layers. As a
result, the net potential varies from purely repulsive to having
an attractive well due to van der Waals attraction between the
silica particles and glass microscope slides. The PEO

Macromolecules Article

DOI: 10.1021/acs.macromol.8b01792
Macromolecules 2018, 51, 9156−9164

9158

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01792/suppl_file/ma8b01792_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b01792


copolymer results also show that varying PPO block sizes
appear to have no role (e.g., overlap of PEO103−PPO39−
PEO103 and PEO100−PPO65−PEO100 profiles).
To model the measured interaction potentials, the net

potential is considered as the superposition of van der Waals
and adsorbed polymer interactions as

= +U h a f L U h a U h a f L( , , , ) ( , ) ( , , , )0 0 vdW P 0 0 (1)

∫π
π

= − ≅ −
∞ −U h a a

A l
l

l Aah( , ) 2
( )

12
d

h
vdW

132
2

2

(2)

∫π

π α
β

β

= [ − ]

≅ [− ]

U h a f L a f l L f l

af L h L

( , , , ) 2 2 ( /2, ) d

4 exp ( /2 )

h

L

P 0 0

2

0 0

0 0 0

0

(3)

where A132(l) is the Hamaker function for silica and
polystyrene interacting across water,50 f 0 and L0 are the
uncompressed layer free energy per area and layer thickness,51

and α and β are semiempirical constants52 (details of
derivations and fit parameter in the Supporting Information).
Equation 1 does not include electrostatic interactions because
the <1 nm Debye length, low zeta potentials (Table S5), and
neutral polymers do not yield electrostatic interactions that
would contribute significantly to the net superposition of
potentials. Equation 2 does not consider contributions to van
der Waals attraction from surface roughness or the adsorbed
polymer, which have been shown to effectively cancel each
other in good solvent conditions for PEO−PPO−PEO39,53

(although the polymer contribution becomes significant for
diminishing solvent quality41,42,48,54). The polymer interaction
potential (eq 3) was originally developed for flexible polymers
with short-range monomer−solvent interactions and should be
suitable for PEO55 (but less so for PMPC layers; this is
explored in the following sections). Because the values a and
A(l) are known independently, and f 0 approaches a near hard-
wall limit on the kT-scale of our measurements, L0 is the only
adjustable parameter. The theoretical fits in Figure 2 using eqs

1−3 accurately capture the net potentials and the adsorbed
layer thicknesses vs molecular weight.
Interaction potentials for fixed copolymer molecular weight

and varying colloid radius were also directly measured (Figure
3). By varying colloid radius for a fixed copolymer molecular

weight, one can use the well-established size-dependent silica
van der Waals potential50 as a “ruler” to measure layer
thickness. Using five different silica colloid sizes with radii from
a = 0.75−2.4 μm, measured potentials are reported for
adsorbed copolymers having PEO blocks with n = 76 (Figure
3a) and PMPC blocks with n = 28 (Figure 3b). These
copolymers have similar thicknesses for the same colloid size in
Figure 2 and now show nearly similar potentials for different
colloid sizes in Figure 3. The potential minimum location is
approximately independent of colloid radius, consistent with
the Derjaguin approximation and potentials in eqs 2 and 3.56

In the following sections, we further analyze the potentials in
Figures 2 and 3 to estimate how layer thicknesses scale with
number of repeat units for both copolymers.

Adsorbed Copolymer Thickness. Here, we analyze the
potentials in Figures 2 and 3 to estimate how the uncom-
pressed layer thickness, L0, scales with number of repeat units,
n, for both PMPC and PEO copolymers. Plots in Figure 4
show as points L0 values obtained from fits to the potentials in
Figures 2 and 3 vs repeat unit number for each PEO (Figure
4a) and PMPC (Figure 4b) block. Points are also shown for
each adsorbed copolymer’s hydrodynamic thickness (from
dynamic light scattering57) and effective mechanical film
thickness (from quart crystal microbalance). A series of lines
are also reported in Figure 4, including (1) the radius of
gyration, (nK/6)

0.5LK, (2) the number-average molecular
weight contour length, nLM = (Mn/Mm)LM, (3) the weight-
average molecular weight contour length, nLM = (Mw/Mm)LM,
(4) a theoretical thickness shown only for PEO (eq S12), and
(5) a fit L0 constrained to the form L0 = c1nc2 (c1 and c2
reported in the Supporting Information, form chosen based on
eq S17).
All thicknesses increase with increasing n, as expected. For

both copolymers, the thickness for a given number of repeat
units inferred from measured interactions is greater than other
measures. This can be expected as the onset of repulsion

Figure 2. Potential energy profiles (energy vs separation) for
molecular weight series of PEO and PMPC copolymers adsorbed to
hydrophobic colloids and surfaces. Ensemble total internal reflection
microscopy (TIRM) measurements in physiological ionic strength
media of 3.2 μm silica colloids and glass surfaces hydrophobically
modified with octadecyl chains and adsorbed copolymers of (A)
PEO−PPO−PEO with number of PEO repeat units reported in the
legend (and PPO repeat units reported in Table S2) and (B) PMPC−
PPO−PMPC with the number of PMPC repeat units reported in the
legend (and n = 48 for all PPO blocks). Points are ensemble averages
of single particle measurements, and lines are given by eq 1 using
parameters reported in the text and Supporting Information.

Figure 3. Potential energy profiles (energy vs separation) for fixed
molecular weights of adsorbed PEO and PMPC copolymers and
different sized colloids (inset legends are colloid radii). Interaction
potentials measured for same conditions as Figure 2 but for silica
colloid radii and adsorbed layers of (A) PEO76−PPO29−PEO76 and
(B) PMPC28−PPO49−PMPC28. Points are ensemble averages of
single particle measurements, and lines are given by eq 1 using
parameters reported in the text and Supporting Information.
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between layers may depend more on chains at the adsorbed
layer periphery than measurements of layer hydrodynamics or
thin-film mechanics.6,39 When comparing PEO and PMPC
copolymer layers at a given number of repeat units, the PMPC
layers thicknesses are 2−3 times greater than the PEO layer
thicknesses. This indicates clear differences between the two
adsorbed triblock layer architectures.
Various reference polymer dimensions plotted as lines in

Figure 4 can be used to understand differences between PEO
and PMPC copolymer layer thicknesses and architectures. For
the PEO copolymers, the layer thickness falls well within the
range bound by the radius of gyration and contour length and
is quite close to predictions (eq S15) with no adjustable
parameters. In contrast, PMPC layers are highly extended, with
the hydrodynamic thicknesses near the number-average
molecular weight contour length and the thicknesses from
potential energy fits very close to the weight-average molecular
weight contour length. Such high PMPC chain extensions are
observed in neutron scattering studies58,59 and simulations of
semiflexible brushes when the Kuhn length approaches the
contour length60,61 (which may correspond to the PMPC
conditions here). PMPC polydispersity (Mw/Mn ≈ 1.1−1.4;
see the Supporting Information) can also be expected to
influence layer thickness.62,63 Such polydispersity effects are
not obvious for PEO layers, however, due to their moderate
chain extension and lower polydispersities (Mw/Mn ≈ 1.1−1.2;
see the Supporting Information). The authors are unaware of
previous measurements or models of adsorbed copolymer
interactions of varying Kuhn length and polydispersity that
observe trends similar to Figures 44 (particularly adsorbed
polymer layer interactions approaching the weight-averaged
molecular weight contour length).
Other mechanisms could lead to thicker than expected

PMPC layers, which we address here for completeness, but
consider unlikely for cited reasons. For example, surface
roughness can influence the range of van der Waals
interactions,50,64 and hence estimates of adsorbed layer
thickness from fits to measured potential energy profiles;
however, this has been shown not to be the case for adsorbed

PEO copolymers in both the present work and previous
studies.39,57 Adsorption is performed above the copolymer
critical micelle concentrations (at 1 mg/mL; Ccmc between 1
and 50 μg/mL all copolymers) such that micelles could
adsorb; however, layers are much thinner (5−30 nm) than
micelle dimensions (50−200 nm), and micelle extrusion
through 80 nm pore membranes did not change measured
interactions (see the Supporting Information). Finally, multi-
layer or sequential adsorption is unlikely as shown in prior
studies of zwitterionic polymers65,66 and based on the
observation of repulsive interactions between adjacent PMPC
layers in the present work.

Energy Minima vs Colloid and Polymer Dimensions.
To better quantify how net attraction depends on layer and
particle properties, Figure 5 summarizes how the potential
energy minimum depth, UM/kT, scales with both particle size
and PEO and PMPC copolymer molecular weights. In

Figure 4. Layer thicknesses vs block repeat units from measurements
and model fits for PEO and PMPC copolymers adsorbed to
hydrophobic substrates. Measurements are reported as points for
(A) PEO and (B) PMPC copolymers from (blue circles) uncom-
pressed layer thicknesses from fits to TIRM measurements in Figures
2 and 3, (green triangles) hydrodynamic thicknesses from DLS
measurements, and (red squares) film thicknesses from QCMD.
Models and reference dimensions are reported as lines for (blue line)
power law fit (c1nc2), (dotted blue line) polymer brush theory eq S15,
and end block (black dash-dot) radius of gyration ((nK/6)

0.5LK),
(black solid) contour length ((Mn/Mm)LM), and (black dashed)
weight-averaged molecular weight contour length ((Mw/Mm)LM).

Figure 5. Attractive potential energy minimum well depth vs colloid
size and PEO and PMPC block repeat units. Points from
measurements in Figures 2 and 3 and lines from eq 1 for potential
energy minimum well depth, UM/kT, vs colloid radius, a, for (A) PEO
copolymers and (B) PMPC copolymers and vs block repeat units, n,
for (C) PEO copolymers and (D) PMPC copolymers (inset legend is
colloid radii). Error bars are 95% confidence intervals from fits.
Dividing UM/kT by a produces (E) two unique curves for (hollow
points) PEO and (filled points) PMPC trends vs n and (F) a single
universal curve when plotted against the uncompressed layer
thickness, which shows equivalence of PEO and PMPC adsorbed
copolymer repulsion for same layer thickness.
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particular, UM/kT is reported for PEO and PMPC copolymers
vs colloid radius (Figure 5a,b) and number of repeat units
(Figure 5c,d). Points are obtained from UM/kT values fit to the
measured potential energy profiles in Figures 2 and 3. Lines
were plotted by numerically determining UM(a)/kT and
UM(n)/kT from eq 1 using the fit L0 curves reported in
Figure 4 (with no other adjustable parameters; see the
Supporting Information).
As seen in Figure 5a,b, the measured UM/kT points for both

PEO and PMPC layers are linear with a and well captured by
eq 1, which is linear in a via the Derjaguin approximation.
Increasing n results in a decrease in the slope of UM/kT versus
a in Figures 5a,b for both PEO and PMPC brushes. This n
dependence is also accurately captured by eq 1 in the slopes in
Figure 5a,b as well as the lines in Figure 5c,d. When comparing
the PEO and PMPC results in Figure 5c,d, it is clear that less
attraction is observed for the same colloid radius and number
of repeat units of PMPC compared to PEO stabilized colloids.
For example, for the same number of repeat units with n ≈ 60
and the same particle diameter with a = 1.05 μm, the PMPC-
coated particle experiences ∼0.5kT attraction, whereas the
PEO coated particle experiences ∼2.5kT. For similar repeat
units, PMPC thus provides greater repulsion (and colloidal
stability) due to its greater relative extension away from the
surface. This is again a consequence of the PMPC layers being
∼2−3 times thicker than PEO layers with the same number of
repeat units.
The effectiveness of the model is further demonstrated in

Figures 5e,f, which shows (UM/kT)/a vs n and (UM/kT)/a vs
L0. By plotting (UM/kT)/a vs n in Figure 5e, the data and
model from Figures 5c,d collapse onto one curve for PEO
copolymer and one curve for PMPC copolymer. Practically,
dividing the potentials by the colloid radius effectively removes
the particle size dependence of the attractive energy minimum
as indicated by eq 1 (i.e., dividing both sides by a), but it does
not remove the unique n dependence for the two copolymer
types. By plotting (UM/kT)/a vs L0 in Figure 5f, all data and
models collapse onto a single curve for all particle sizes and
PEO and PMPC molecular weights.
Because Figures 5f is effectively a plot of UM(n)/kT/a (from

Figures 5e) vs L0(n) (from Figure 4a,b), it shows how the
model of the colloidal interactions and the layer dimensions
together accurately capture all of the measurements in this

work. It should also be noted that 0.8L0 accurately captures the
hydrodynamic thicknesses from DLS in Figure 4 (and could be
used to predict layer thicknesses important for lubrication33).
This suggests that the curve in Figure 5f could be generated
from DLS thicknesses by dividing by 0.8 (when direct
measurements of interactions are not possible) and practically
suggests that the more easily obtainable DLS thickness with a
correction factor can be used for predicting interactions.
The results in Figure 5e,f together show PEO and PMPC

copolymers allow different amounts of attraction between
colloids for the same number of repeat units, but the two
copolymers yield the same level of attraction for the same layer
thickness. As a result, differences in the ability of the two
copolymers to stabilize colloids are unimportant once the two
copolymers are compared for conditions that lead to the same
layer thickness. In other words, while the extended PMPC
layer architecture appears to produce enhanced stability, in the
end it produces the same repulsion as a PEO copolymer layer
of the same thickness. The fits using eq 1 in Figures 2−5
accurately capture a diverse set of data in terms of potential
energy profiles, uncompressed layer thicknesses, particle sizes,
molecular weights, and copolymer compositions. These results
are obtained in aqueous 150 mM NaCl but should be similar
for a range of ionic strengths since PEO and PMPC solvency
do not depend on NaCl concentration.54,67

Copolymer Mediated Stability (against Aggregation
and Deposition). The ability of adsorbed copolymers to
mediate attraction between colloids and surfaces practically
determines whether particles aggregate or deposit on surfaces.
All of the data in Figures 2−5 show that adsorbed PMPC
copolymers generate longer range repulsion than adsorbed
PEO copolymers with the same n, which results in less
attraction between colloids and surfaces. Figure 5c−e perhaps
shows most clearly that for the same n, PMPC copolymers
results in less attraction than PEO copolymers. In the
following, we report aggregation and deposition behavior of
PMPC and PEO colloids in physiological media to
unambiguously and quantitatively connect measurements and
models of interactions to colloidal stability.
Figure 6 shows points from aggregation (triangles) and

deposition (circles) measurements using light scattering and
optical microscopy (details in the Supporting Information).
Points are filled to indicate either stability or slow or rapid

Figure 6. Aggregation and deposition data for PEO and PMPC coated colloids compared to model for energy minimum vs particle radius and
number of block repeat units. Data reported for (A) PEO and (B) PMPC copolymers using symbol shape to indicate (triangles) DLS aggregation
measurements and (circles) TIRM deposition measurements68 and symbol fill patterns to indicate (white) stable, (hatch) slow aggregation or
deposition, and (black) rapid aggregation or deposition. UM(a,n)/kT obtained from eq 1 to show how attraction correlates with colloidal stability.
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aggregation/deposition, where “rapid” indicates aggregation/
deposition on first contact and “slow” indicates kinetics where
multiple collisions are required for aggregation/deposition. To
connect the deposition behavior to the measured and modeled
interactions, contour plots are also shown in Figure 6 for
UM(a,n)/kT from eq 1. There is a clear correspondence
between a transition in the data from stable to unstable in the
vicinity of the energy contours where UM(a,n)/kT ≈ 4kT. The
measured interaction potentials and model fit in eq 1 provide
quantitative guidance for predicting deposition and aggrega-
tion behavior across a wide range PEO and PMPC copolymer
molecular weights as well as colloidal particle radii.
Several points in Figure 6 are not well captured by the

underlying model for attraction, which tend to occur in
limiting cases of molecular weight and particle size.
Copolymers having PEO blocks with n < 28 and PMPC
blocks with n < 10 on colloids with a < 200 nm exhibit slow
aggregation when the model predicts little to no attraction.
This discrepancy could arise from extrapolation of modeled
interactions that correspond to measurements of larger a and
n. Several mechanisms that could lead to lower stability for
small a and n include (1) lower adsorbed amounts (see Table
S2) that lead to thinner than expected layers, (2) particle
curvature reducing lateral crowding to produce thinner layers
(for L0/a > 0.1), which would be significant for lower n,56 and
(3) the Derjaguin approximation becomes less valid for scaling
potentials for small a.56,69 Slow deposition was also observed
for PMPC copolymers with n > 73 when adsorbed to colloids
with a > 1 μm. Because these particles were stable in the
presence of 20 ppm free solution copolymer (Figures S4 and
S5), and QCMD measurements indicated partial desorption
for these higher molecular weight PMPC copolymers (Figure
S9), it seems likely that PMPC desorption destabilized these
particles. Smaller particles with the same adsorbed polymers
are likely more tolerant of some desorption given their shorter
range van der Waals attraction.
Finally, when comparing the PEO and PMPC copolymer

stabilization results in Figure 6, the behaviors are practically
identical (as in Figure 5f) when PEO copolymers are
compared to PMPC copolymers with half as many repeat
units, which produces the same layer thicknesses. Although
PMPC copolymers can desorb for high molecular weights, a
small bulk concentration appears to suppress desorption and
stability issues. Given the similar performance of PEO and
PMPC copolymers at stabilizing colloids in physiological ionic
strength media, it is not clear that one polymer is inherently
better than the other one. Future work is in progress to test
other performance criteria for PEO and PMPC triblock
copolymers including stability in the presence of solution
additives, temperature changes, and interactions with various
biomaterials.

■ CONCLUSION
We reported the synthesis of a series of novel PMPC triblock
copolymers and compare their interactions and colloidal
stabilization performance to PEO triblock analogues. Adsorp-
tion of both copolymers to hydrophobic colloids and surfaces
produces thick layers that stabilize colloids against aggregation
and deposition in physiological ionic strength media. Direct
measurements of interaction potentials vs colloid size and
copolymer molecular weight, in conjunction with a theoretical
model, provide a sensitive measure of adsorbed copolymer
layer thickness vs number of block repeat units. This model

also captures aggregation/deposition behavior vs particle size,
block molecular weight, and copolymer compositions.
Adsorbed PMPC copolymers were found to produce

extended architectures with layer thicknesses comparable to
PMPC block contour lengths. For the same number of block
repeat units, PMPC layers were ∼2−3 times thicker than
adsorbed PEO copolymer layers, which had thicknesses well
described by standard polymer brush theory. However,
adsorbed PEO copolymer layers with the same thickness as
PMPC layers produced the same repulsion and degree of
stability. Our results provide a rigorous explanation for some
observations of enhanced PMPC stabilization via extended
layers; however, our findings also show that when PEO and
PMPC layers of the same thickness are compared, their
performance is identical. Understanding symmetric PEO and
PMPC interactions in this work provides a basis in future
studies to understand their asymmetric interactions with
biomaterials for antifouling applications. Ultimately, we report
the successful design and synthesis of a novel PMPC triblock
copolymer, which we show performs as well as analogous PEO
copolymers for stabilizing nano- and microcolloidal particles in
physiological media for biomedical applications.
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