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ABSTRACT: By measuring the changing electrophoretic mobility of
single optically trapped silica microspheres (radius a & 0.4 4m) during
poly(ethylene oxide) homopolymer adsorption and desorption, we
study polymer-layer kinetics at various polymer solution flow rates,
concentrations, molecular weights, and polydispersities. At polymer
concentrations ¢ < 5 ppm (mg L"), Péclet numbers Pe < 20, and
Reynolds numbers Re << 1, the adsorbing layer growth is mass-
transport-limited, with time scales ~10 s that are resolved on the
uniquely small, micrometer length scale of optical tweezers electro-
phoresis (OTE) experiments. However, during adsorption, layer
growth becomes limited by surface diffusion, reconformation, and
exchange processes. Two characteristic relaxation times are revealed
by the OTE time series. The faster time scale increases with polymer

e

concentration and plateaus to ~3 s when ¢ ~ 10 ppm. This reflects layer development kinetics limited by surface diffusion and
reconformation. The slower time scale is ~100 s and reflects polymer exchange, which thermodynamically favors large adsorbed
coils when solutions are polydisperse. Desorption is even slower but occurs faster than expected by local-equilibrium theory,
possibly because of high shear rates ~100 s '. The dynamic states probed by OTE are often sufficiently far from equilibrium that
they cannot be adequately described by theories for equilibrium polymer adsorption, mass-transport-limited kinetics, or kinetics

based on local equilibrium.

1. INTRODUCTION

Adsorbing polymers are added to colloidal dispersions to
control stability and rheology.'®***! Polymer adsorption is often
a complex nonequilibrium process that involves transport of
chains to the surface, attachment, relaxation and reconformation,
and substitution while approaching equilibrium.® Adsorption can
induce aggregation due to bridging or provide steric stability,
depending on the attachment kinetics, shear rate, and concentra-
tions of polymers and colloidal particles.

Many studies of polymer-adsorption kinetics have been con-
ducted on macroscopic surfaces. The large length scales involved
lead to mass-transport-limited kinetics that can be mixed with
polymer reconformation and relaxation dynamics. Such methods
include stagnation point flow, which monitors the quantity of
adsorbed polymer due to an impinging jet.'> Other methods
involve capillary-tube streaming potentials, which furnish the
temporal development of the spatially averaged hydrodynamic
layer thickness during polymer adsorption.”” Here, mass-trans-
port-limited adsorption, which varies with distance from the tube
inlet, follows the Léveque equation. In these macroscopic
geometries, the rapid injection of fluid required to obtain step
changes in polymer concentration produces high shear rates,
which can influence adsorption and desorption.””

For colloidal sized substrates rapidly immersed in dilute poly-
mer solutions, the polymer diffusion time may be comparable to
the polymer reconformation time, which itself may change
during the course of layer development. The ability to form
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polymer bridges depends on the first several seconds of polymer
adsorption. Polymers are more likely to bridge neighboring
particles immediately following adsorption, while the time
required for steric layers to develop is on the order of seconds."*®
Thus, it is unclear how adsorption dynamics gleaned from macro-
scale experiments might shed light on polymer adsorption onto
colloidal sized substrates, and how such dynamics might influ-
ence bridging and flocculation.

Previous attempts to measure polymer adsorption onto
colloidal particles were based on measuring an increase in
hydrodynamic radius.”'® However, it is difficult to resolve such
thin polymer layers on micrometer-sized particles. Moreover,
adsorption kinetics are complicated by mixing hydrodynamics
and fluid entrainment. To help avoid such complexities, we
recently developed optical tweezers electrophoresis (OTE) to
measure the electrophoretic mobility of a single microsphere
during the adsorption of an uncharged homopolymer onto an
initially bare surface.*> Our instrument furnishes the electro-
phoretic mobility with a temporal resolution of about 0.5 s. While
it does not directly measure hydrodynamic layer thickness,
theoretical calculations reveal a close connection between the
electrophoretic mobility and hydrodynamic layer thickness when
the adsorbing polymer is uncharged and the particle charge is
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Table 1. Poly(ethylene oxide) Molecular Weight Parameters

manufacturer specifications GPC
PEO manufacturer M, (kDa) M, (kDa) M,, (kDa) M, (kDa) M, (kDa) M,, (kDa) M, (kDa)
PEO120K Acros Organics 100 101 422 119 276
PEO870K Acros Organics 900 920 461 872 1338
PEOS9K Polymer Source S0 59
PEO330K Polymer Source 280 330 337 317 326 334
PEO480K Polymer Source 430 482

constant.”"">* Moreover, the electrophoretic mobility is extre-
mely sensitive to the polymer layer thickness, so the experiments
are uniquely sensitive to polymer adsorption dynamics.

In this study, we monitored the electrophoretic mobility of a
single silica microsphere during interaction with dilute poly-
(ethylene oxide) solutions. A brief description of the instrument
and polymer solutions is provided in section 2. We describe
approximate methods for calculating polymer adsorption and
desorption rates and equilibrium layer thickness from electro-
phoretic mobility time series. In section 3, we present OTE
adsorption and desorption results for various polymer solution
concentrations, flow rates, and molecular weight distributions. In
section 3.5, we show that thermodiffusion due to laser-induced
heating may slightly decrease the polymer adsorption rate.
Finally, we summarize our results in section 4.

2. THEORY AND METHODS

2.1. Optical Tweezers Electrophoresis. Concentrated ~1000
ppm poly(ethylene oxide) (PEO) solutions were prepared by
dissolving polymers in DI water. The solutions were stored in UV-
resistant bottles at 4 °C for a maximum of 3—4 weeks prior to final
dilution in 1 mM NaCl for OTE experiments. The peak, number-
averaged, weight-averaged, and z-averaged molecular weights,
denoted M, M,, M,, and M_, respectively, are summarized in
Table 1. These were specified by the manufacturer and obtained
from gel permeation chromatography (GPC) where applicable.
The samples are denoted PEOxK, where «x indicates M,, in kDa.

The experimental procedure for optical tweezer electrophoresis
(OTE) adsorption experiments is described in detail elsewhere.**
Briefly, polymer solutions and nonporous silica particle suspen-
sions (radius a ~ 400 nm, monodisperse and nonfunctionalized,
Bangs Laboratories, Inc.) were diluted in 1 mM NaCl. The final
silica volume fraction was <0.1 ppm. OTE electrophoretic
mobilities of a bare silica sphere were measured following abrupt
exposure to flowing polymer solution. A microsphere was
optically trapped at the center of a crossed parallel-plate channel
at the gap position of zero steady electro-osmotic flow.** At this
position, the local fluid velocity equals the gap-averaged fluid
velocity. The solution and microsphere dispersions flow parallel
to the electric field to reduce electro-osmotic flow artifacts during
polymer adsorption. Note that the inlet tubes and syringes
containing PEO solution were first equilibrated with adsorbing
polymer by flowing excess polymer solution through the system.
This ensured that the actual polymer solution concentration
flowing past the optically trapped particle was stable and equal to
the initially prepared solution concentration. Desorption experi-
ments were performed by stopping the polymer flow while
restarting the particle suspension flow. Thus, after a short 20 s
transient, the polymer-coated particle could be reimmersed in

flowing electrolyte without polymer. Electrophoretic mobilities
were obtained using an oscillatory electric field at 50 Hz. At this
frequency, the particle responds in a quasi-steady manner, and
the background electro-osmotic flow is minimized.

The bare silica microspheres have electrophoretic mobilities
Uo that vary between about —3 and —4 um cm V' s},
corresponding to {-potentials from about —45 to —60 mV.
Thus, to isolate the influence of polymer adsorption on the OTE
electrophoretic mobility time series 1" (t), we adopt a reduced
mobility

u(t) = 1—ub(t) /ug (1)

For adsorption experiments, a two time-scale empirical model

() = pg oo (1= ™0) g,y (7m0 —e7t/T2) - (2)

was fit to reduced mobility time series, furnishing fitting para-
meters l, oo, Ua,1, Ta,1, and T, 5. Equation 2 guarantees that ¢ = 0
when t = 0 and gives du/ot = ‘ua’ml‘a,fl + ,uull(‘tayzfl — Tujfl)
when t =0, and ¢ = (4, o, as t — oo. Similarly, for desorption, a
two time-scale model

ult) =ty o + #d,l(e_t/”’l — e t/taz)

+ (g0 — ﬂd,oo)eft/rd'z (3)

was fit to reduced mobility data, furnishing fitting parameters
U oor U0 a1y T, and T, Equation 3 yields ¢ = t 40 when t =0,
and 4 — g0 as t — oo.

An example OTE adsorption/desorption experiment con-
ducted with ¢ &~ 30 ppm PEO120K on a single bare silica micro-
sphere is shown in Figure 1. These data and all subsequent
adsorption and desorption OTE reduced mobility time series are
well described by eqs 2 and 3.

2.2. Electrophoretic Mobility and Polymer Adsorption
Thermodynamics. Here we describe the theoretical framework
for interpreting equilibrium polymer adsorption, hydrodynamics,
and electrokinetics, which furnish the hydrodynamic layer thick-
ness and adsorbed amount from long-time changes in OTE
mobilities. These calculations extend the work of Cohen Stuart
et al® by combining equilibrium polymer segment density
profiles with electrokinetic theory to predict particle electro-
phoretic mobilities. First, we numerically compute equilibrium
polymer segment densities 1 for various polymer solution
concentrations ¢ and polymer molecular weights M,,, ultimately
furnishing the adsorbed amount I'. Then, the hydrodynamic
layer thickness L, and electrophoretic mobility u* are calculated
from numerical solutions of the Debye—Brinkman equations for
a flat plate.

Adsorbed flexible polymers form highly nonuniform layers
comprising trains at the surface with decreasing concentrations
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Figure 1. (a) Electrophoretic mobility 4" time series for a bare silica microsphere (radius a ~ 0.4 zm) abruptly exposed to a ¢ & 30 ppm PEO120K
solution at time t = 0 s (adsorption). Desorption is initiated at £ & 1600 s by abrupt re-exposure to flowing electrolyte without polymer. (b)—(d)
Reduced electrophoretic mobility ¢t = 1 — u*/ug time series with details of adsorption at long (c) and short (d) times. Curved lines are least-squares fits
ofeq2for0s <t < 600 s (solid) and eq 3 for t = 1600 s (dashed). The straight dashed line in (d) is tangent to the adsorption curve at t = 0 s.

ofloops and tails toward the bulk solution. We calculate segment
densities for PEO adsorbed from water onto silica using a
continuum approximation'® of the well-known Scheutjens—Fleer
lattice adsorption theory.>>*® Here, statistical polymer segments
occupy sites on a lattice with spacing [, between nearest neigh-
bors. We present results for a cubic lattice with the adsorbing
surface located at z = 0. Therefore, the center of the train layer is
located at z, = I/2, with the loop and tail layers at z,, = (n — 1/2)1
with n = 2, 3, 4, ... For PEO/water/silica, we adopted a
Flory—Huggins parameter y = 0.4,°>** and a net surface-
segment exchange enthalpy y, = kgT.** The statistical segment
length I = 0.516 nm and the Kuhn segment molar mass m;=71g
mol ', Equating the volume of a cube with length I to the
volume of a statistical number of monomer segments with length
1, =044 nm,> ie, 1> ~ I >m./m,, furnishes . Here, the PEO
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monomer (C,OH,) segment molar mass m,,, = 44 ¢ mol ', Note
that [ is approximately equal to the statistical segment size in a
polymer melt with density p, ~ 1.2 g cm ™, i.e,, [m,/(Nap,)] /3
~ 0.46 nm.

The segment density 1, is the probability of a site at lattice
indexn=1,2,3,...being occupied by a train, loop, or tail segment.
Calculated equilibrium segment densities are shown in Figure 2a—c
as a function of polymer solution concentration and chain length.
As predicted by the Scheutjens—Fleer theory, the loop contribu-
tion dominates close to the surface. At large distances from the
surface, the tail contribution, which falls off less rapidly than the
loop contribution, dominates. The profile densities are weakly
dependent on polymer concentration, with a measurable ad-
sorbed amount at concentrations as low as ¢ ~ 10~ '° ppm for
PEO120K.

dx.doi.org/10.1021/ma2003486 |Macromolecules 2011, 44, 8245-8260
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Figure 2. Continuum approximation of the Scheutjens—Fleer lattice theory for poly(ethylene oxide) (PEO) adsorption from water onto silica.
Statistical segment length I, = 0.516 nm with molecular weight m; = 71 g mol " (cubic lattice), surface-segment exchan%e enthalpy x, = kg7, and
00

Flory—Huggins parameter y = 0.4. Top: polymer solution concentration ¢ = 100 (black), 1 (blue), 107 (red), and 10~

ppm (green). Bottom:

molecular weight M,, = 59 (black), 120 (blue), 480 (red), and 870 kDa (green). (a) Linear and (b) logarithmic segment density 1/, vs lattice position
indexn=1,2,3, ... [z,= (n — 1/2)];] with chain length N = M,,/m,~ 1690 (M,, = 120 kDa). (c) 1,, vs nwith ¢ = 1 ppm, and (d) adsorbed amount I vs c.

The adsorbed amount (per unit area)

s

r =
lszNA

Yy,

n=1

(4)

sums the contributions from train, tail, and loop segments. The
equilibrium adsorption isotherm calculations in Figure 2d are
very similar to experimentally measured isotherms for PEO/
water/silica.'>***® Note that the adsorbed amount is much
more sensitive to polymer molecular weight than polymer
concentration.

As uncharged polymer adsorbs onto a bare, charged micro-
sphere, it very slightly increases the particle size, but the thin layer

8248

significantly reduces the electrophoretic mobility by its influence
on the electrophoretic retardation force. We calculate the
hydrodynamic layer thickness Lj, << a from the one-dimensional
(flat-plate approximation) Debye—Brinkman equation

u u
PR (S)

where u is the fluid velocity. Note that the square of the Brinkman
screening length Iy* = 1.°/(67magp) characterizes the hydrody-
namic permeability. The boundary conditions are u =0atz =0
(no-slip), and u — y (z — L,) as z— oo, where ¥ is the far-field
shear rate.

dx.doi.org/10.1021/ma2003486 |Macromolecules 2011, 44, 8245-8260
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The electrophoretic mobility u* can be transformed to a
hydrodynamic layer thickness using

E E
tanh L/, tanh o e <
4eeokp T 4eeoks T

where 1§ is the bare particle mobility and x ' is the Debye
length. Note that eq 6 is for uniform layers with xa > 1 and
Iy < L;,.>* It is often used to ascertain the thickness of uncharged,
uniform polymer layers from electrophoresis and streaming
potential measurements.”"”

(6)

1
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We calculate the electrophoretic mobility for arbitrary layer
profiles when xa > 1 by adding an electrical body force to eq S,
yielding

u _u eeoE 8,

3—22 N le n 0z*

(7)

where E is the electric field magnitude, 3, is the equilibrium
electrostatic potential, and €g, is the electrolyte dielectric per-
mittivity. The boundary conditions are u = 0 at z = 0 (no-slip),
and 0u/0z — 0 as z — o0. In a symmetric electrolyte, 1, is

dx.doi.org/10.1021/ma2003486 |Macromolecules 2011, 44, 8245-8260
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obtained from the Poisson—Boltzmann equation, giving*®

zel zeC \ _
tanh ¢ ] = tanh Kz 8
. <4kBT) . <4kBT>e (&)
where ze, kgT, and § are respectively the ion charge, thermal

energy, and electrostatic surface potential.
Substituting

9 ke T2 y(1 + 32
%:4B Ky( ‘|‘J’) (9>

022 ze (1 —y2)2
with
zeC \ _
= tanh e 10
y = (4kBT>e (10)

from eq 8 into eq 7 furnishes an ordinary differential equation for
u from which the particle electrophoretic mobility 4" = —u/E as
z — oo is obtained.”

As shown in Figure 3a,b, reasonable correspondence of the
foregoing flat-plate models is achieved with our OTE and
literature mobility and hydrodynamic layer thickness data when
a;~0.039 nm. Moreover, the order of magnitude of 13/(67a,) ~
1 nm” is consistent with sedimentation experiments for polymer
solutions.* Comparing the dashed and solid lines in Figure 3b,d
reveals that eq 6 furnishes particle electrophoretic mobilities that
are ~10% larger than obtained from eq 7.

2.3. Adsorption and Desorption Kinetics. Here we attempt
to quantify adsorption and desorption kinetics based on simple
mass-transport mechanisms, making an assumption of local
equilibrium. While this model is tremendously oversimplified,
it is the only means presently at our disposal to interpret the OTE
kinetics. Despite its obvious shortcomings, comparing such
predictions with OTE data is a valuable exercise for quantify-
ing the merits and limitations of the theory and its underlying
assumptions.

For bare microspheres with radius a ~ 0.4 um abruptly
exposed to a solution of adsorbates with diffusion coefficient
D~2 x 10" " m*s ' (PEO, M,, = 100 kDa), the diffusion time
scale a>/D &~ 8 ms. Thus, the small characteristic length scale in
these experiments ensures that even the largest polymer chains
can rapidly establish a quasi-steady diffusion flux.

The time rate of change of surface coverage 0 can be written

0
% = kye; — kg0 = kp(c—c) (11)

where k,, k;, and k,,, are the surface attachment, detachment, and
mass-transport rate constants, respectively, c is the bulk polymer
concentration, and ¢ is the polymer solution concentration at the
particle surface r = a. Eliminating ¢, from eq 11 gives

870_ kakm kdkm 0
a* k + k,  k + k,

so the initial kinetics for an initially bare surface are described by

(12)

a0
g(t == 0) == kgC (13)
where
kaky
s )

defines an effective rate constant.
For viscous flow past a sphere with Reynolds number Re =
Ua/v <1°

_ DSh

ke = —
aro

(15)
where the Sherwood number
2Sh~1 + (1 + 2Pe)'/? (16)

and the Péclet number Pe = Ua/D. Here, U is the undisturbed
fluid velocity at the optical tralp, v is the kinematic viscosity, and
the PEO diffusion coefficient""'?

D (m?s ')~ 1.46 x 10" %[M,, (Da)]"**"" (17)

In eq 15, we have set 6 = I'/T"y, where Iy is the equilibrium mass
coverage. Note that reflectometry experiments indicate that I'y ~
0.7mgm™ > when M,, &~ 50—1000 kDa and ¢ & 10— 100 ppm. As
a useful point of reference, we note that the mass coverage
corresponding to the mass of a 100 kDa PEO chain occupying an
area equal to the square of its hydrodynamic radius R =
ksT/(673D) is M,,/(N,R*) ~ 0.8 mg m~ %, which is consider-
ably higher than the value I &~ 0.6 mg m ™ achieved when PEO
adsorbs onto silica from aqueous solution.

Local equilibrium implies that ¢, and I" are related by the
equilibrium adsorption isotherm,"® which occurs when the
adsorption and desorption rate constants are large compared
to the mass transfer rate constant. Indeed, from eq 11, ¢, = [c +
(kg/k)01/ (ko/ ks + 1) — (kg/k,) 0 when k,, < k, and k,,, < kg.
Note also that polymer reconformation kinetics must be suffi-
ciently fast for k, and k, to be be considered constant. With these
assumptions, eqs 11 and 15 give

L) (19)
t a

with initial condition I'(t = 0) = 0 (adsorption) or I'(t = 0) =
I'(c) (desorption) with ¢, the bulk polymer concentration prior
to desorption. Thus, eq 18 and the theory in section 2.2 furnish
I'(¢) and pg(t).

Several local-equilibrium adsorption time series are shown in
Figure 4a, with the mobility calculated numerically according to
eq 7. The mobilities (solid lines) exhibit a strikingly different
behavior than the adsorbed amounts (dashed lines), and both are
qualitatively different than the OTE mobility time series seen in
panels b—f. According to local equilibrium, the adsorbed amount
increases linearly up to full coverage, with a rate that decreases with
the polymer molecular weight, reaching equilibrium at a time that
increases with molecular weight. The accompanying reduced mobi-
lity time series increase with an increasing rate, rapidly saturating as
the adsorbed amount reaches equilibrium. However, OTE mobility
time series approach equilibrium more slowly and with a mono-
tonically decreasing rate. These differences suggest that slow,
nonequilibrium processes are at play. For example, increasingly
hindered adsorption would slow the overall dynamics, while hinde-
red chain reconformation would produce thicker (less compact)
layers at shorter times. Together, hindered adsorption and chain
reconformation seem to explain the more immediate increase in
reduced mobility and overall slower approach to equilibrium.

Note that Monte Carlo simulations indicate that polymer
rearrangements for single coils physically adsorbing to a bare
surface occur on subsecond time scales.”® Thus, the assumption
oflocal equilibrium is likely to be reasonable only during the first

8251 dx.doi.org/10.1021/ma2003486 |Macromolecules 2011, 44, 8245-8260
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solutions at t =0s: ¢ & 50 (blue), 16 (red), 6 (green), 2 (magenta), and 1 ppm (cyan) for (a) monodisperse PEOSIK, (b) monodisperse PEO480K, and
(c) polydisperse PEO120K. Lines are least-squares fits of eq 2 fort 2 0's. (d) ¢ & 2 ppm monodisperse (filled symbols with solid lines) and polydisperse
(open symbols with dashed lines) PEO solutions for PEOS9K (blue), PEO330K (red), PEO480K (green), PEO120K (magenta), and PEO870K (cyan).

second, at which time the adsorbed amount is very small and the
kinetics become mass-transfer-limited.

The approach to full coverage, which is well resolved by the OTE
experiments, reflects nonequilibrium layer dynamics. Figure 4a
indicates that much of the polymer mass is adsorbed by the time
the mobility begins to change significantly. Comparing to the OTE
data in Figure 4b, for example, suggests that nonequilibrium
processes likely occur when most of the polymer is already attached.
Note that the experimentally observed approach to equilibrium is
significantly slower than expected from the local-equilibrium theory.

3. RESULTS

3.1. OTE Equilibrium Adsorption. Several representative
mobility time series for bare silica microspheres abruptly exposed
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to PEO solutions with various molecular weights and concentra-
tions are shown in Figure 5. The equilibrium hydrodynamic layer
thickness and reduced electrophoretic mobility are more sensitive to
polymer concentration ¢ and molecular weight M, than the
adsorbed amount I'. Comparing Figures Sa,b with Sc suggests
that polydispersity slows the dynamics: the layer thickness
increases over several minutes as larger coils displace smaller
adsorbed chains. With ¢ &~ 2 ppm, Figure 5d shows how the
adsorbed layer thickness increases with polymer molecular
weight and, again, how polydispersity (open symbols) slows
the dynamics.

The mobility time series in Figure S are well described by eq 2
(lines). For monodisperse polymer solutions, however, a single
time constant is often sufficient. Thus, fitting eq 2 can infer
unacceptable layer thicknesses as t — oo. Therefore, we

dx.doi.org/10.1021/ma2003486 |Macromolecules 2011, 44, 8245-8260
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polydisperse (squares) PEO solutions.

approximate the equilibrium mobility as the value furnished by
eq 2 at t & 700 s, which we assume is sufficient for the layers to
adopt an equilibrium profile that corresponds to the adsorbed
amount at that time.”*>° Note that the silanol groups on silica are
known to catalyze PEO decomposition, with a time scale of hours.
While this will reduce the golymer layer thickness and excess
solution molecular weight,” the trapped microspheres in OTE
experiments are exposed to an infinite excess of fresh PEO,
thereby avoiding continuous layer decomposition.

Equilibrium layers 22700 s after abrupt exposure to polymer
solutions are compared in Figure 6. Using the OTE reduced
mobility data, the adsorbed amounts I' in panel b are calculated
from equilibrium curves I'(u,M,,), e.g., Figure 3d (solid lines).
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Figure 6a,b shows that I' is less sensitive to ¢ and M,, than L,
Panels ¢ and d reveal that L;, is significantly larger than expected
for polydisperse polymers (PEO120K) based on M,,. However,
the final reduced mobility for the highest molecular weight polymer
PEO870K is smaller than expected by the Scheutjens—Fleer
theory.” Since this sample was about one year older (stored in
a dry state before experiments), it may have undergone oxidative/
thermal degradation,20 which is expected to have a more signifi-
cant impact on high molecular weight polymers. For polymer
concentrations ¢ &~ 50 ppm, the OTE results in panel d for
monodisperse polymers (PEOS9K, PEO280K, PEO480K) are
consistent with literature®>*' where the hydrodynamic layer
thickness Ly, scales as M,,”. No literature data exist for polymer

~
~
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concentrations as low as 2 ppm, where OTE data yields L, o Mwo'és,
in agreement with the Scheutjens—Fleer theory. For many other
absorbents, such as latex particles®” or cellulose acetate,” PEO
layers are thicker and take much longer to reach equilibrium.

3.2. OTE Adsorption Kinetics. 3.2.1. Effect of Polymer Con-
centration. Polymer adsorption kinetics are difficult to quantify
because of the nonequilibrium dynamics. Nevertheless, to ex-
pedite a quantitative interpretation of the OTE adsorption
dynamics, we define an apparent time to full coverage

0)} B

where the reduced mobility at equilibrium x4 ~ (¢ = 10 ppm);
recall that Figure 3b shows that u is nearly constant when
¢ = 10 ppm. Thus, for PEOS9K, PEO120K, PEO480K, and
PEOS870K solutions, 1> ~ 0.25, 0.36, 0.63, and 0.70, respectively.

The apparent time to full coverage 7, from eq 19 is shown in
Figure 7. The initial PEO adsorption rate onto a bare micro-
sphere increases with ¢ when ¢ < 10 ppm. From eq 13, we obtain
an effective rate constant k, from the slopes of the fitted lines with
¢ £ S ppm (e.g., Figure 1). Thus, for PEOS9K, PEO120K, and
PEO480K, we find k, ~ 0.086, 0.032, and 0.031 ppm ' s ',
respectively, as shown in Figure 7b. These rates have the same
dependence on polymer concentration as the theoretical mass-
transport rate constant from eq 15, which furnishes, respectively,
k, A~ 0.123, 0.087, and 0.045 ppm ' s '. Nonequilibrium
polymer reconformation and attachment kinetics and the ap-
proximation in eq 19 may account for differences between the
foregoing effective rate constants k, and the theoretical mass-
transport rate constants k,,,.

3.2.2. Effect of Viscous Flow Rate Past a Sphere. The PEO
adsorption rate onto silica microspheres increases with flow rate,
as shown in the left panels of Figure 8. Here, OTE apparent times
to full coverage 7, are calculated from eq 19, which are compared
to mass-transport limited adsorption (k, = c0) from eqs 13—17.
The corresponding equilibrium hydrodynamic layer thicknesses
at X700 s are nearly independent of flow rate (or Péclet

N e P
Te = P, L}ta - (19)

2t =0
ot )
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number), as shown in the right panels. In the bottom panels,
the polydisperse PEO layers develop much more slowly than
expected from theory based on mass transport alone.

3.3. OTE Desorption Kinetics. PEO clearly desorbs from a
trapped polymer-coated microsphere immersed in a continuous
flow of pure electrolyte. Nearly all polymer desorbs after ~1h. As
shown in Figure 9a, the adsorption is mostly reversible upon
subsequent re-exposure to polymer solution.

Equations 2 and 3 respectively were fit to the adsorption and
desorption reduced mobility time series. For desorption, there is
a short transient ~30 s for PEO solution to be displaced at the
microsphere location by flowing electrolyte. Several reduced
mobility time series for PEOS9K, PEO120K, PEO330K,
PEO480K, and PEO870K are plotted in Figure 9b with polymer
concentration ¢ &~ 2 ppm and best-fit lines from eqs 2 and 3.

OTE desorption kinetics are more rapid for the lower molec-
ular weight polymers, which indicate nearly complete desorp-
tion ~1500 s after shutting off polymer solution flow, as seen in
Figure 9c. Local equilibrium theory suggests that desorption
occurs more slowly, especially for elapsed times 21000 s. The
higher desorption rates observed in experiments may be due to
several factors, including (i) high fluid shear rates y ~ U/a ~
1005 " at the trapped particle surface, (ii) slow dissolution of the
silica particle itself,”* and (iii) catalytic decomposition of the
adsorbed PEO by surface silanol groups. Note that the calcula-
tions in Figure 9d are for monodisperse polymer with M,, =
120kDa, whereas experiments were performed with polydisperse
PEO120K, which may explain quantitative discrepancies. Here,
for elapsed times ~1500 s, the experiments indicate that the
remaining layer thickness increases with c. For polydisperse
polymer solutions, the proportion of higher molecular weight
polymers adsorbed at equilibrium may increase with ¢, and
(as seen in Figure 9¢) these take longer times to desorb.

3.4. Qualitative Effects of Polydispersity. In dilute poly-
disperse polymer solutions, the higher molecular weight species
are preferentially adsorbed at equilibrium because the entropy of
mixing is greater for small chains.'*'® For bidisperse PEO
adsorbing onto macroscale silica surfaces, the final approach to
equilibrium takes longer than local equilibrium predictions when

dx.doi.org/10.1021/ma2003486 |Macromolecules 2011, 44, 8245-8260
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the smaller adsorbed PEO species has M,, = 120 kDa. Here,
replacement of smaller adsorbed coils with larger ones is
hindered by a significant energy barrier."” Our results comple-
ment the present literature, showing that increasing and decreas-
ing the concentration of small and large coils, respectively, has a
small influence on adsorption. However, in OTE, polymer
transport onto microspheres is significantly faster, and thus,
the deviations from local-equilibrium kinetics also apply for
lower molecular weight polymers. In Figure 10, we compare
adsorption time series of bidisperse solutions (right panels) with
corresponding monodisperse polymer (left panels) at various
polymer concentrations.

When bidisperse PEO solutions bring large and small coils
simultaneously to the surface, at high concentration (Figure 10a,
b), the kinetics are dominated by the larger coils. Here, polymer
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mass transport occurs more rapidly than polymer rearrange-
ments (~3 s), so the reduced mobility evolves similarly to the
higher molecular weight monodisperse system.

When the smaller coils adsorb first, an exchange time develops
for the larger chains to displace smaller ones. Here, the smaller
chains initially present a barrier that becomes increasingly
difficult for larger coils to penetrate. Qualitative differences are
evident when comparing bidisperse and corresponding mono-
disperse mobility time series with ¢ &~ 1 ppm PEO480K and
¢ ~ 6 ppm PEOSIK (Figure 10e,f). Note that, with ¢ ~ 2 ppm
PEO330K and ¢ & 2 ppm PEOS9K, the kinetics of the bidisperse
system are similar to the higher molecular weight monodisperse
polymer (Figure 10c,d).

3.5. Laser-Induced Heating and Polymer Thermodiffu-
sion. We briefly address how laser heating affects polymer mass

dx.doi.org/10.1021/ma2003486 |Macromolecules 2011, 44, 8245-8260
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transport in OTE experiments. This is motivated by previous
knowledge of optical tweezers heating samples (rates ~10 KW )
at the laser focus.”>*” We estimate diffusion-limited mass-trans-
port rates for a heated sphere while adsorbing polymer from an
aqueous solution with Pep = aU/D < 1 and Per = aU/a < 1,
which are representative of OTE experiments. Here, D and « are
the polymer molecular and thermal diffusion coefficients, re-
spectively. Finally, we present OTE data for ¢ ~ 2 ppm PEO120K
adsorption at varying laser powers.

Thermodiffusion (Ludwig—Soret effect) predicts the mass
transport of a molecular species along a temperature gradient

VT.* Its theoretical foundation is based on molecular solvation
entropy."® In a dilute solution, the solute molecule flux

j = —DVc—cDrVT (20)

where c is the polymer concentration, T is the temperature, and
D is the solute thermodiffusion coefficient. Here, we assume the
microsphere behaves as an ideal sink, i.e., polymer coils that reach
the surface adsorb and, therefore, c(r = a) = 0. After a short
transient time 2a”/D ~ 0.1 s, a quasi-steady polymer concen-
tration develops around the microsphere, and the flux in eq 20
satisfies V+j = 0.
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microsphere with fluid velocity U = 80 um s . The line is a least-
squares fit of eq 23 furnishing S;AT = 2.75 W,

The temperature distribution depends linearly on laser in-
tensity and is directly related to material absorptivities at the laser
wavelength. To calculate an approximate analytical solution, we
assume, for simplicity, that the sphere is heated uniformly. For
microspheres, Per = aU/a < 1; thus, the quasi-steady fluid
temperature satisfies V>T = 0. For a sphere with radius a and
surface temperature Ty + AT immersed in an unbounded
medium with far-field temperature T,

aAT
T =T, + , r=a (21)
r

where r is the distance from the microsphere center. Substituting
eq 21 into eq 20 with V +j = 0 gives

efsTATa/r _ e—sTAT

C = C (22)

1— e—STAT
where St = Dr/D is the polymer Soret coefficient. Thus, the
diftusion-limited polymer flux jor onto a heated sphere increases

by a factor

jar _ SrATe T (23)
jo T 1 — e SrAT

where jo is the flux in the absence of temperature influences. At
equilibrium, the microsphere surface polymer concentration

¢, = c(a) is obtained by setting j = 0 in eq 20 to obtain
¢ = coe_STAT (24)

Equations 23 and 24 respectively show that localized micro-
sphere heating decreases the diffusion-limited adsorption rate
and the equilibrium adsorbed amount.

Figure 11 shows how the rate of change of the mobility for
¢ & 2 ppm PEO120K adsorption depends on laser power. The
least-squares fit of eq 23 furnishes parameter estimates and errors
from the Matlab functions nlinfit and nlparci, respectively. The
hypothesis that the adsorption rate decreases with increasing
laser power was verified with ~90% confidence. With the
exception of these experiments, all other OTE adsorption and
desorption experiments in this study were performed using a
laser power P ~ 130 mW. We find S;AT/P~ 2.8 £ 2.5 W/,

where Sy = Dy/D = 030 K" with Dy &~ 5.5 x 10" m*s™*
K '?and D is calculated from eq 17. Thus, we estimate heating
at the laser focus AT/P~ 92 £ 85 KW .

Since D varies little with M,,, thermodiffusion effects increase
with increasing M,,. For PEO59K, PEO120K, PEO330K, PEO-
480K, and PEO870K, we calculate S;AT & 0.24, 0.36, 0.64, 0.79,
and 1.1, and thus, with eq 23 the polymer diffusion flux decreases
by factors jar/jo = 0.89, 0.83, 0.72, 0.6S, and 0.54, respectively,
when AT ~ 1.2 & 1.1 K for P &~ 130 mW.

Finally, we conclude that thermodiffusion effects due to laser
heating should not be neglected in polymer adsorption experi-
ments, especially for high molecular weight polymers. Never-
theless, the impact of thermodiffusion is not significant enough to
alter conclusions drawn from our adsorption experiments, which
were interpreted without accounting for thermodiftusion effects.

4. SUMMARY

We used optical tweezers electrophoresis (OTE) to measure
electrophoretic mobilities of silica particles during adsorption
and desorption of poly(ethylene oxide), achieving a temporal
resolution of about 0.5 s. We extended the Scheutjens—Fleer
equilibrium model for polymer adsorption to obtain predictions
of adsorbed amount and hydrodynamic layer thickness from
long-time changes in particle electrophoretic mobilities. The
model describes monodisperse polymer adsorption and furn-
ished a statistical polymer segment hydrodynamic radius a, ~ 39
pm as the only fitting parameter.

Nonequilibrium polymer relaxation and reconformation dy-
namics affect adsorption kinetics near full coverage, especially for
higher molecular weight polymers, where measured electro-
phoretic mobilities deviate significantly from predictions of local
equilibrium theory. During adsorption, rapid transport of poly-
mer coils to the surface is followed by polymer reconformation,
lateral relaxation, and diffusion through a very thin, but dense,
precursor layer. This step increases the layer thickness, which is
indirectly measured by the change in particle electrophoretic
mobility. Finally, for polydisperse PEO solutions, the longest
adsorption time scale reflects substitution of small coils by larger
ones, which are preferentially adsorbed at equilibrium.

For adsorption from monodisperse solutions, we characterized
the layer growth kinetics by an apparent time to full coverage. At
low polymer concentrations, this metric reflects polymer mass
transport based on flow rate and polymer diftusion. However, at
very high polymer concentrations, the apparent time to full
coverage plateaus to a minimum value of several seconds and
may be limited by polymer reconformation and lateral relaxation
of the growing layer as incoming polymer attaches to the surface.
For adsorption from bidisperse solutions, kinetics are dominated
by the higher molecular weight coils when both (low and high
molecular weight) species arrive simultaneously at high total
polymer concentration. However, with low concentrations of higher
molecular weight coils, the adsorption is initially dominated by
small coils, which present an initial barrier that the larger chains
must overcome to reach equilibrium.

Finally, desorption kinetics were faster than expected by models
for local equilibrium adsorbed layers, possibly due to the high
shear rates ~100 s in our experiments. Desorbed layer thick-
nesses increase with the initial concentration of polydisperse
polymer solutions, where a larger portion of higher molecular
weight coils might have initially adsorbed.
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B ADDITIONAL NOTE

“We solved this equation numerically using a standard finite-
difference algorithm.
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