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ABSTRACT: A detailed quantitative nanoscopic description of soft surfaces under dynamic flow is lacking, despite its
importance. To better understand the role of surface texture in nanoscopic mass transport in complex media, we used Förster
resonance energy transfer in combination with total internal reflectance fluorescence microscopy (FRET-TIRFM) to directly
measure laminar slip flow penetration depth (slip length) on poly(N-isopropylacrylamide) (pNIPAM) thin films (50−110 nm)
of different grafting densities (0.60, 0.38, and 0.27 chain/nm2) in solvents of different qualities created via cononsolvency in situ.
Nontrivial synergistic interplay of grafting density and solvent quality on slip length was observed. Slip lengths are typically tens
of nm (40−100 nm), increasing and then reaching a plateau with applied linear flow velocity (192−2,952 μm/s) regardless of
experimental system. Slip length was systematically larger for lower density films, but the effect of grafting density was more
significant in a good solvent than a poor solvent. Interestingly, however, the stagnant film thickness (polymer swollen thickness
minus the slip length) collapsed to almost a singular value for a given grafting density regardless of solvent quality, likely
suggesting a large gradient of segmental mobility at nonequilibrium. Moreover, we found that slip flow penetrates into soft
pNIPAM surfaces more deeply in a good solvent than in a poor solvent and that this behavior was general and independent of
grafting density. This behavior is counter to the notion that less interaction between a fluid (probe) and a solid surface
promotes slip.

■ INTRODUCTION

Deformation of polymer brushes under external flow
conditions and the subsequent change of the boundary flow
structure have been of extensive interest in the past decade and
are still under active exploration.1−9 Polymer brush surfaces are
widely used in a variety of applications ranging from separation
science including chromatography10 and micro- and nano-
fluidics,11,12 to tribology,13−16 colloidal stabilization,17 and
active transport,12 as well as drug delivery18 and biotechnol-
ogy.19,20 Due to the inherent flexibility and mobility of polymer
chains, these soft surfaces present complex, responsive physical
natures that are markedly different from rigid, hard surfaces,
especially when the system is driven out-of-equilibrium, for
example, upon exposure to dynamic flow conditions. Here, we
are interested in the influence of nanoscopic surface texture on
simple fluid slip flow. One fundamental question yet to be
reconciled is whether the simple picture that the polymer layer

simply renormalizes the solid substrate to a new position by
adding one “hydrodynamic radius” to its old position still holds
under dynamic flow conditions as it does at equilibrium.21

Unlike microporous structures in which the flow distribution is
also a puzzle,22 despite the fact that it can be visualized from
imaging microsized tracer beads,23 direct mapping of flow in
polymer films that have pores on the nanometer size scale is
intuitively more challenging. Previous experimental attempts
approached this problem indirectly either by measuring forces
between surfaces bearing brushes21,24,25 or by measuring
polymer segment profiles using neutron reflectivity;26 however,
the conclusions of these studies about the existence of slip flow
on polymer surfaces were inconsistent and not able to
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distinguish “apparent” or “true” slip flow, which is critical to
mass transport processes inside the polymer film.
Recently, we developed a method that combines Förster

resonance energy transfer (FRET) with total internal
reflectance fluorescence microscopy (TIRFM) to monitor
small molecule mass transport in solvent-swollen poly(N-
isopropylacrylamide) (pNIPAM) brushes in situ as a direct
indicator of the existence of “true” slip flow.27 This approach
allows us to quantify the penetration depth of the flow field
with high resolution in the direction of the surface normal,
arriving at values of tens of nanometers, similar to slip lengths
obtained from force based measurements6 for PEG of similar
grafting density.
Our initial findings on thin (dry film thickness ∼100 nm),

dense (∼0.6 chain/nm2) pNIPAM brushes indicated that
laminar slip flow penetration of a good solvent (methanol,
MeOH) into a swollen polymer film of thickness ∼200 nm
increases almost linearly from 13 to 135 nm at small flow rates,
followed by a plateau at ∼120 to 130 nm for higher flow rates.
This behavior is consistent with the parabolic distribution of
pNIPAM segment density in the direction normal to the
substrate.28,29 We further extended this method to theta and
poor solvents for the same pNIPAM brush system to
investigate the effect of solvent quality on slip length, using
solvents chosen based on the cononsolvency phenomenon.30

Flow rate-dependent penetration of laminar slip flow was
found under all circumstances regardless of solvent quality.31

In going from the poor solvents, 31 mol % MeOH/H2O and
20 mol % MeOH/H2O, to the theta solvent, 13 mol %
MeOH/H2O, and finally to the good solvent, 100% MeOH,
the true slip length value at the plateau increases from 25 to 37
to 70 to 128 nm, respectively. These results suggest that the
nanoscopic structure of the polymer brushes significantly
impacts their mutual response to fluid flow. This point is well-
deserving of further diligent exploration, as it suggests that slip
length increases with enhanced solvent quality, where there is
stronger interaction between the solvent and the polymer.
Usually, slip length scales with the inverse square of fluid−solid
interaction energy;32 therefore, water slips more on a
hydrophobic solid surface due to the lack of hydrophobic
interaction as suggested by previous measurements.4,33 Our
results appear to suggest otherwise for soft surfaces. While it is
true that fluid tends to slip more at rougher surfaces, the root-
mean-square (RMS) roughness of these pNIPAM polymer
surfaces in poor solvents is only slightly higher than in good
solvents (5 versus 3 nm, respectively). Alternately, this
behavior may emphasize the nanoscopic structural dissimilarity
of porous soft and solid substrates, indicating the critical role of
collective polymer chain dynamics under different solvent
conditions that could potentially dominate over the effect of
fluid/surface interaction energy.34,35 This notion is consistent
with the previous observation of increased deformability of
pNIPAM brushes in response to shear from AFM studies in
solvents of different quality tuned by changing temperature.36

On the other hand, the results could imply that the poor
solvents created by cononsolvency may differ fundamentally
from the conventional definition of solvent quality based on
polarity, which is a question of interest itself.30,37−39

Since solvent quality introduces both conformational change
as well as changes in polymer−solvent interaction, here we
chose to study the effect of polymer chain grafting density with
the expectation that this should only affect conformational
change.40−42 Polymer chain grafting density has been

considered in numerous theoretical modeling and computer
simulation studies, mostly in good and theta sol-
vents,2,8,28,43−47 and it has also been shown to affect the
phase transition of surface tethered pNIPAM brushes.41 Under
poor solvent conditions, the effects of grafting density are likely
more complex, as surface roughness arises by inhomogeneous
chain collapse. This behavior is especially prominent at low to
moderate grafting densities at which polymer films can dewet
into segregated patterns and become discontinuous,48 also
making it computationally expensive to introduce accurately
the effect of flow. Although simulations5,47,48 and measure-
ments based on nonlinear hydrodynamic drag of polymer-
coated colloids25 suggest that polymer nanostructure critically
defines the penetration depth of fluid flow and that expectedly
lower grafting density brushes are more susceptible to external
flow penetration in a good solvent, the full spectrum of the
effects of grafting density in cooperation with solvent quality is
incomplete. To date, a direct measurement of the nonlinear
additive effect of grafting density and solvent quality has not
been reported.
In this study, we present a quantitative, direct experimental

investigation of the effect of polymer grafting density on
laminar slip flow penetration into pNIPAM brushes. These
studies are performed in different solvents encompassing the
full range of solvent quality created using the cononsolvency
phenomenon.

■ EXPERIMENTAL SECTION
Materials. Chemicals were purchased from Sigma-Aldrich at the

highest purity available and used as received unless otherwise stated:
3-aminopropyltrimethoxysilane (APTMS, 97%), 2-bromobutyryl bro-
mide (BIBB, 90%), copper(I) bromide (99.999%), N,N-diisopropyl-
ethylamine (DIPEA, 99.5%), fluorescein 5(6)-isothiocyanate (FITC,
>90%), N-isopropylacrylamide (NIPAM, 99%), 2-nitrobenzylalcohol
(97%), N,N,N′,N″,N″-pentamethyldiethylene-triamine (PMDETA,
99%), n-propyltrimethoxysilane (PTMS, 97%), rhodamine B
(>97%), and triethylamine (99%). Solvents were purchased from
EMD Millipore and used as received: dichloromethane (DCM),
methanol, and toluene at HPLC grade, and anhydrous dichloro-
methane (maximum water content 0.004%) and anhydrous toluene
(maximum water content 0.005%). Nanopure water produced from a
Millipore Milli-Q water purification system (18.2 MΩ, <6 ppb total
organic carbon) was freshly produced and used for experiments.

Flow Cell and Pump. A thin-window, rectangular laminar flow
cell (C&L Instruments model VC-RPC-TW) assembled from two
glass coverslips of different sizes (48 mm × 65 mm for bottom and
surface modification, 24 mm × 40 mm for top, both from Ted Pella)
was used for FRET-TIRFM measurements. This cell is 45 mm in
length, 24 mm in width, and 200 μm in height as measured in-house
and verified in previous work.27 The two glass coverslips were sealed
by gentle vacuum (Cole-Parmer) against rubber O-rings in micro-
channels. Solution was introduced, and laminar flow was controlled
with a programmable single syringe pump (New Era Pump Systems,
model NE-1000).

Total Internal Reflectance Fluorescence Microscopy. TIRFM
experiments were performed on a Nikon inverted microscope (Eclipse
Ti).27 A 488 nm Ar+ laser (0.16 mW) was used to excite surface-
tethered FRET donor FITC at an incident internal reflectance angle
of 76°. Fluorescence emission filtered through a bandpass filter
centered at 525 nm (50 nm spectral width, Chroma Technology)
after collection with a 100× oil immersion objective (NA 1.49) and
captured by an Andor Ixon X3 EMCCD camera using a 100 ms
exposure time and 4 × 4 pixel binning at an EM gain of 300.

Data acquisition and image analysis were performed with Nikon
microscope software, NIS-Elements. Time-dependent TIRFM images
were typically recorded for 10 min starting from injection of the
acceptor solution (RhB tracer) to allow quenching to complete. These
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images were captured in real time with no delay between frames.
Fluorescence intensity-time plots were subsequently obtained. Care
was taken to correct for the effects of photobleaching-induced
quenching by subtraction using data from control experiments run in
the absence of RhB tracer.27 Linear laminar flow velocity was varied
from 192 to 2952 μm/s by changing the syringe pump flow rates from
100 to 3000 μL/min. Between runs, thorough washes of the systems
with solvent allowed full recovery of FITC fluorescence intensity
before the next measurement. To compensate for photobleaching, the
TIRF sampling spot was sequentially repositioned along the y-axis at a
constant x-axis position to satisfy Taylor-Aris dispersion theory (vide
infra). Curves were normalized to initial intensity values for valid
cross comparison.
Atomic Force Microscopy for pNIPAM Morphology and

Thickness. Atomic force microscopy (AFM) experiments were
performed on an Agilent Technologies 5500 AFM instrument. Soft-
contact silicon nitride probes (Veeco NP-S20) with small spring
constants (0.12 N/m) were used for imaging swollen pNIPAM films
in liquids at a resonance frequency of 160 Hz. Typically, a large
scanner was used for obtaining 25 μm × 25 μm images at a scan rate
of 0.5 Hz under AAC mode. Images were processed using Pico Basic
software and flattened by Pico Image Basic software (Agilent
Technologies, Inc.) to remove the polynomial background using the
smallest order possible.
Preparation of Fluorescent Probe-Modified pNIPAM Poly-

mer Brush Films. An atom transfer radical polymerization (ATRP)
method similar to that previously reported and used in our earlier
work was used here to create pNIPAM brush films.49,50 Slight
procedural modifications were used to allow preparation of surfaces
with varying grafting densities.
Glass coverslips were carefully prepared for surface modification

using a sequence of steps. First, innate fluorescence was photo-
bleached overnight by exposure to 254 nm UV irradiation from a
hand-held UV lamp (UVP UVGL-58 lamp, 6 W, 0.12 A). The
surfaces were then thoroughly cleaned in hot piranha solution (3:1
(v/v) H2SO4 (conc):H2O2 at 120 °C for 30 min) to remove organic
contaminants, washed with water, and then boiled in HNO3 solution
(10% v/v, 30 min) followed by another water wash for full surface
hydrolysis. These substrates were dried with a N2 stream and
subjected to vacuum drying at 150 °C overnight prior to silanization

in a N2-purged controlled environment box. Silanization was
accomplished using a 2% (v/v) silane/dry toluene solution for 3−4
h in the controlled environment box.

Films with varying grafting densities were made using solutions
containing different ratios of a methyl-terminated silane (PTMS) and
an amine-terminated silane (APTMS) resulting in surfaces onto
which pNIPAM films were grafted. Specifically, silane solutions
containing 100%, 25%, and 10% APTMS were used for high-,
medium-, and low-density pNIPAM surfaces, respectively.

BIBB attachment onto these silanized surfaces was carried out with
extreme care, as control of its surface coverage is critical to these
experiments, since pNIPAM grafting density depends on BIBB surface
coverage and FITC coverage is determined by residual amine density
on the BIBB-modified surface. By controlling BIBB concentration in
the reaction mixture along with the reaction time, residual free amine
surface coverage was kept similar for different grafting densities.
Specifically, BIBB (4% v/v for high-density surfaces and 3% v/v for
medium- and low-density surfaces) in dry DCM was added dropwise
through a syringe needle to an Ar-balloon protected reaction vessel
and allowed to sit for 1 h in an ice bath. The reaction solution was
then warmed to room temperature and allowed to sit for varying times
to allow the reaction to complete (16 h for high-density surfaces, 8 h
for medium-density surfaces, and 4 h for low-density surfaces).50 This
procedure resulted in surfaces with residual free amine coverages that
were similar for high-, medium-, and low-density pNIPAM surfaces
prior to FITC attachment.

The FITC fluorophor was attached to residual amine groups after
BIBB modification by dissolving at 0.17 mg/mL in freshly degassed
methanol containing 2% (v/v) DIPEA as a base catalyst. This reaction
mixture was allowed to sit overnight with no light exposure under
gentle stirring. The resulting surfaces were rinsed with methanol and
kept in an N2 environment until use.

pNIPAM brushes were grafted to surface-attached BIBB groups in
a 0.8 g/mL monomer mixture in 7:3 (v/v) methanol/water. Care was
taken to remove dissolved O2 with repeated freeze−pump−thaw
cycles. Polymerization was initiated by adding a catalyst mixture of
copper(I) bromide and PMDETA at a NIPAM:CuBr:PMDETA ratio
of 180:1:3 under Ar protection and allowed to proceed overnight at
45 °C.50

Figure 1. (left) Brief comparison of “no slip” and “true slip” scenarios. Dp is fractional flow field penetration depth (see text). (right) Schematic
depiction of experimental layout for the FRET-TIRFM method.
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■ RESULTS AND DISCUSSION

Theory of the FRET-TIRFM Method. A schematic
describing the FRET-TIRFM method is shown in Figure 1.
In this approach, fluorescence decay curves that monitor FRET
of a RhB acceptor from a FITC donor tethered to the substrate
surface beneath the polymer film are fit to a combined Taylor−
Aris−Fickian diffusion model to extract apparent linear
diffusion coefficients of RhB molecules (Dapp) through the
polymer film for different flow rates.27 In this approach, the
RhB acceptor acts as a tracer that reports on its arrival to the
bottom of the polymer film through loss of the FITC
fluorescence. Using a rectangular cell with dimensions of
height H and width w, this approach starts with Taylor−Aris
dispersion theory, which gives a cross-sectional average of
concentration of the RhB tracer at any position x along the
flow through the cell by

= = − −
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where Cs(x, t) is the average tracer concentration at position x
along the flow direction from the injection point at time t, C0 is
the initial tracer concentration, U is the cross-sectional average
of the linear velocity, and D* is the Taylor−Aris dispersion
coefficient of the tracer. For laminar flow, Taylor−Aris
dispersion theory states that D* is given by
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where D is the molecular diffusion coefficient of the tracer in
solution (here RhB in methanol, obtained from the literature),
and k is a cell geometry factor. Once the RhB has arrived at
point x on the polymer film by Taylor−Aris dispersion, it can
undergo Fickian linear diffusion toward the surface whereby it
quenches the fluorescence by FRET when it gets within the
Förster radius of a surface-tethered FITC. Mass transport of
RhB in the polymer film is described by Fick’s second law:

∂
∂

= ∂
∂

C
t

D
C

Zapp

2

2 (3)

where C(z, t) is the point concentration of RhB in the polymer
film and Dapp is the apparent (effective) diffusivity of RhB in
the polymer film. For the initial condition of no RhB in the
polymer film, at the top of the polymer film, the concentration
of RhB is equal to the solvent flow concentration:

= =z h C C L tat , ( , )T (4)

Thus, time-dependent breakthrough curves thereby encode
even subtle flow-induced changes in transport.
The zeroth-order assumption for this method is that with no

slip flow penetration of a polymer film of thickness h, the Dapp
values of RhB tracer molecules should be invariant with

Figure 2. Film schematics and properties (left panel), AFM images (center panel), and TIRF images (right panel, 82 μm × 82 μm) of dry FITC-
modified pNIPAM films of high-, medium-, and low-density grafted pNIPAM films.
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applied laminar flow velocity, U; otherwise, slip flow
penetration of the polymer film becomes qualitatively self-
evident if the measured Dapp values vary systematically with U.
To quantify depth of penetration, several parameters are
defined as follows. The diffusion coefficient for the RhB tracer
in the polymer film with no flow, D0, is obtained as the limit of
U → 0 by extrapolation of Dapp values in a plot of Dapp as a
function of U to zero flow velocity. D0 is subsequently used to
obtain hs, the thickness of polymer in which the solvent is
stagnant and not affected by the flow field. The percent
penetration depth, dp, is defined as [1 − (hs/h)] × 100%, with
h the thickness of the swollen polymer film under static
conditions, to normalize the difference in swollen thickness for
parallel comparisons across different solvent qualities.27 This
method measures true slip length of slip flow, or depth of
penetration, defined as (h − hs) or (dph), i.e., the depth in the
pNIPAM film at which linear diffusion takes over as the only
means of mass transport of the RhB tracer to the substrate-
tethered FITC.
Surface Properties of FITC-Modified pNIPAM Films

with Different Grafting Densities. In this work, we are
interested in the high-density brush regime where the
underlying substrate is fully covered by polymer and the
polymer layer is continuous such that solvent wetting behavior
on the underlying substrate is insignificant.41,48 Toward this
end, several criteria must be satisfied in preparing pNIPAM
films of different grafting densities that take into consideration
both the experimental purpose and inherent limitations of the
FRET-TIRFM method.27 First, the molecular weight of the
polymer chain and the coverage of the surface-tethered FRET
donor molecules (FITC) must be kept constant, so that
differences in grafting density will be manifest as differences in
polymer film thickness. Second, dry film thicknesses of FITC-
modified pNIPAM surfaces studied here were kept to
thicknesses >50 nm to ensure that minimal signal arises from
the bulk solution above the polymer film. Since the signal
comes from the donor FITC molecules covalently tethered to
the substrate surface at the bottom of the polymer film, it is
limited to a minimum by the fixed sampling depth of FRET of
∼8 nm for the FITC/RhB FRET pair (taken as ∼1.5 times the
Förster radius51) Obviously, for thinner films, this criterion is
not met. Due to differences in monolayer composition for
surfaces of different grafting density, slight modifications of the
reaction conditions were required as detailed in the
Experimental Section.
By careful synthesis, dry film thicknesses of high-, medium-,

and low-density FITC-modified pNIPAM films were prepared
and measured to be 111 ± 6, 76 ± 5, and 52 ± 5 nm,
respectively, by AFM (Figures 2 and S1−S3) (the RMS
roughness of each dry film surface is ∼1−2 nm regardless of
grafting density). Molecular weights (Mw) of the pNIPAM
polymer brushes at each grafting density were determined

using matrix-assisted time-of-flight (MALDI-TOF) mass
spectrometry, as the sample amount from cleavage of the
surface tethered polymer brushes is small.27 As expected, the
polymer molecular weights were statistically identical for films
of the three grafting densities investigated at 1.06 × 105, 1.13 ×
105, and 1.09 × 105 Da for high-, medium-, and low-density
surfaces, respectively, with polydispersity indices of ∼1.1.
Further, the grafting density, σ, of the pNIPAM chains on the
surface is calculated to be 0.60, 0.38, and 0.27 chain/nm2 for
high-, medium-, and low-density surfaces, respectively.27,52

These differences are substantial and are demonstrated by their
optical reflectance behavior as captured in the photographs of
representative films at each grafting density on silicon wafers
shown in Figure S1 in the Supporting Information.
The tethered polymer configuration for these pNIPAM films

in MeOH, a good solvent, can be estimated from the distance
between neighboring grafting sites (L) relative to the Flory
radius (RF). For these surfaces, L is 1.3, 1.6, and 1.9 nm for
high-, medium-, and low-density surfaces, respectively. These
values are much smaller than the RF of 18.6 nm;27,49 thus, the
surface-grafted polymer chains are confirmed to exist as dense
polymer “brushes” for all films in this study. TIRF images of
these three types of surfaces indicate that the FITC
distribution on these surfaces is fairly uniform and constant
by optimizing reaction conditions (see the Experimental
Section). Exact FITC surface coverage was determined by
UV−vis attenuated total reflectance waveguide spectroscopy53

to be ∼2 × 1012 molecule/cm2.27 This coverage corresponds to
∼8−10 nm between neighboring fluorophores.
A summary of pNIPAM film properties is presented in

Figure 2. These characterization studies confirm that FITC-
modified pNIPAM surfaces of three different grafting densities
meeting the two criteria stated above can be made successfully
for this study.

Density Dependent Swelling of FITC-Modified pNI-
PAM in MeOH/H2O Solvents. Swollen film thicknesses, h,
for each surface in a given mixed methanol/water con-
onsolvency system were then examined, since these values are
required for obtaining flow field penetration depth. AFM
images are presented in Figures S2 and S3 for swollen high-,
medium-, and low-density films in each solvent. A summary of
absolute film thickness and swelling ratio, defined as the ratio
of swollen thickness divided by the dry thickness of the
polymer, h/hdry, for surfaces of different grafting densities in
each medium is presented in Table 1. Surfaces of all three
grafting densities are thicker in good solvents and are thinner
in poor solvents and swelling ratio increases as grafting density
decreases, regardless of solvent quality, similar to what has
been observed previously on similar films of different grafting
density.34,35,42,49,54

Apparent Diffusion Coefficients in High-, Medium-,
and Low-Density pNIPAM Films. Breakthrough curves for

Table 1. Swelling Behavior of FITC-Modified pNIPAM Brush Films

high-density films medium-density films low-density films

σ (chain/nm2) 0.60 0.38 0.27

condition thickness (nm) swelling ratio thickness (nm) swelling ratio thickness (nm) swelling ratio

dry 111 ± 6 76 ± 5 52 ± 5
31 mol % MeOH/H2O 130 ± 10 1.2 98 ± 5 1.3 69 ± 7 1.3
20 mol % MeOH/H2O 137 ± 8 1.2 101 ± 6 1.3 73 ± 6 1.4
13 mol % MeOH/H2O 166 ± 12 1.5 125 ± 9 1.6 95 ± 8 1.8
100% MeOH 225 ± 15 2.0 180 ± 12 2.4 135 ± 10 2.6
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RhB tracer molecules obtained on these FITC-modified
pNIPAM surfaces are shown for the good (100% MeOH)
solvent in Figure 3 and for the theta (13 mol % MeOH/H2O,

Figure S4) and poor (20 and 31 mol % MeOH/H2O, Figure
S5) solvents in the Supporting Information. The correspond-
ing fits of the data to the Taylor−Aris−Fickian model27 are
shown in these figures as solid black lines. Regardless of the
solvent medium in which these films are immersed, with a
decrease of grafting density, the time needed for RhB to be
transported through the polymer film decreases at every flow
rate, due to a combination of decreased effective film thickness,
and an increase in film porosity with decreased grafting
density.
Apparent diffusion coefficients, Dapp, for RhB in all three

films are plotted as a function of linear flow velocity, U, in
Figure 4. Regardless of solvent quality, Dapp is larger in lower
density films. In addition, Dapp increases with increasing flow
rate for all surfaces under all solvent conditions; thus, the
zeroth-order assumption that flow field does not penetrate the
polymer film (i.e., invariant Dapp) is invalid under all

circumstances. As shown in Table S1, for the two extreme
conditions in this study, in going from 192 to 2952 μm/s, Dapp
values increase from 2.7 × 10−12 to 1.5 × 10−11 cm2/s for the
low-density film under good solvent conditions (100%
MeOH), whereas for the high-density film in a poor solvent
(31 mol % MeOH/H2O), the corresponding Dapp values only
increase from 9.5 × 10−13 to 1.5 × 10−12 cm2/s. These values
clearly reflect distinctive changes in Dapp due to external flow as
well as solvent quality, yet still are reasonable as small molecule
diffusion coefficients in dense polymer brushes.35,42,55

Quantitative Analysis of Grafting Density Effect on
Slip Flow Penetration. To further assess flow field
penetration depth quantitatively from these data, stagnant
film thickness, hs, and the fraction of the film not penetrated by
flow, hs/h, are calculated; hs/h values are also plotted as a
function of linear flow velocity (U) in Figure 4. A summary of
hs and hs/h values is presented in Table 2. The error bars
represent the standard deviation of six replicate experiments
for each condition. The reported error in slip length was
obtained from a full propagation of error treatment after
calculating the error in D0 values from the intercept of Dapp vs
U plots. (For further consideration of inherent resolution and
measurement error, see the Supporting Information section.)
Given that values of hs/h represent a normalized indicator of
slip flow penetration, we use them for parallel comparison
across different solvent qualities. This approach is necessary,
since films are swollen to different degrees with different
swollen thicknesses.
Consistent with simulation, under all conditions, the values

of hs/h decrease with increasing U, decreasing more quickly at
the low flow rates and more slowly at the high flow rates before
leveling off at ∼1150 μm/s. In a given solvent, the slip flow
penetration behavior is similar for all three grafting densities,
suggesting that the pNIPAM density distributions within these
films is similar along the axis normal to the surface (parabolic
as indicated by neutron scattering studies29) Moreover, on the
plateau, the highest density films retain a higher fraction of
stagnant solvent, i.e. a higher value of hs/h; values of hs/h on
the plateau are 0.43, 0.36, and 0.33 for high-, medium-, and
low-density films, respectively, in a good solvent (100%
MeOH), whereas the corresponding values are 0.58, 0.51,
and 0.44 for a theta solvent (13 mol % MeOH/H2O), and
0.81, 0.73, and 0.64 in a poor solvent (31 mol % MeOH/
H2O). The trend is as expected and is consistent with
simulation predictions25,26 for good solvents further validating
our FRET-TIRFM results. The trend can be ascribed in part to
the intrinsic difference in segmental distribution of the brushes
in good and poor solvents,56 and partly, to the increased lateral
deformability of the brushes with a decrease in grafting density
as shown previously.57 The maximum percent penetration
depths of the flow field (dp = [1 − (hs/h)] × 100%) in the
high-density films is 57%, 42%, and 19% in the good, theta, and
poor solvents, respectively, whereas the corresponding values
in the medium-density films are 64%, 49%, 27%, and in the
low-density film are 67%, 56%, and 36% for the same
conditions. A detailed summary of dp is presented in Table 2.
With the above information in hand, we can now evaluate

the relative magnitude of grafting density effects across
different solvent qualities by comparing values of dp. In
going from good solvents all the way to poor solvents, dp
increases as grafting density decreases from roughly 10% (57−
67%) in good solvents, 14% (42−56%) in theta solvents to
20% (27−48% and 19−36%) in two types of poor solvents.

Figure 3. FRET breakthrough curves for RhB in FITC-modified
pNIPAM films in good solvent (100% MeOH) for pNIPAM surface
grafting densities that are (a) high, (b) medium, and (c) low. From
right to left, curves collected with flow rates of 100, 200, 300, 400,
500, 800, 1000, 2000, and 3000 μL/min are in gray, orange, green,
blue, cyan, magenta, yellow, dark yellow, and navy, respectively. Black
solid lines represent fits to combined Taylor-Aris-Fickian model.
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Thus, the effect of grafting density is less significant in a good
solvent than in a poor solvent. This behavior is reasonable in
that grafting density impacts polymer chain conformation
mainly through changes in polymer−polymer repulsion, which
would be expected to be less significant in a solvent that better
solvates the polymer, whereas solvent−polymer interactions
are more dominant in determining polymer chain conforma-
tion.
When absolute values are compared, we found unexpectedly

that stagnant film thickness, hs, collapses almost to a singular
value for a given grafting density; ∼100, ∼65, and ∼40 nm for
high-, medium-, and low-density films, respectively. A plausible
explanation could be that these films are so dense that the
brushes are highly stretched such that the excluded volume
effect is strong, especially in portions close to the bottom
substrate. Under these circumstances, the segments would
exhibit a parabolic density distribution with distance, wherein
differences due to solvent quality are insignificant in slip flow
penetration at the experimental flow rates used. Additionally, hs
was found to scale with neighboring site distance L with
exponents of −2.1, −2.2, −2.3, and −2.5 for good, theta, and
two types of poor solvents, respectively, similar to the scaling
behavior of −2 observed for the dry films. This differed from
what is suggested by earlier theoretical work to be −2/3 for
stagnant length but similar to what is suggested by the same
work for brush height when it follows the de Gennes
prediction of −2.48 At this point, we can offer no explanation
for the quantitative discrepancy but instead simply draw
attention to our experimental results and de Gennes theory.

The change in slip length (h − hs) as a function of grafting
density also reflects solvent quality dependence. It is relatively
easy to understand that absolute slip length decreases with
smaller swollen film thickness as grafting density goes from
high to medium to low, whereas the corresponding values are
128 ± 15, 116 ± 13, 91 ± 11 nm for a good solvent and 70 ±
7, 62 ± 5, and 53 ± 8 nm for a theta solvent. However, in poor
solvent, slip length collapses to an essentially constant value
regardless of grafting density, ∼35 nm for in 20 mol % MeOH/
H2O and ∼25 nm in 31 mol % MeOH/H2O.
These observations collectively suggest that slip flow

penetration is highly susceptible to changes in grafting density
and solvent quality, both individually, and synergistically,
wherein the latter are more complex than one might
conjecture, i.e. not just a simple sum of individual
contributions.

Comparison of Effect of Grafting Density with Effect
of Solvent Quality on Slip Flow Penetration. An alternate
way to examine these experimental results is to compare the
effect of grafting density with the effect of solvent to see which
effect is greater. Apparent diffusion coefficients for RhB in
high-, medium-, and low-density pNIPAM films are plotted as
a function of U under conditions of different solvent quality in
Figure S6. The corresponding hs/h plots are presented in
Figure S7. In going from a good solvent (100% MeOH) to a
poor solvent (31 mol % MeOH/H2O), an approximately 40%
difference in flow field penetration depth dp is experienced for
all three grafting densities due to solvent quality (57% to 19%,
64% to 27%, and 67% to 36%, for high, medium, low density

Figure 4. Apparent diffusion coefficients for RhB (top row) and fraction of polymer film unaffected by flow field, hs/h, (bottom row) as a function
of applied linear flow velocity for (a, e) a good solvent (100% MeOH), (b, f) a theta solvent (13 mol % MeOH/H2O), and two poor solvents (c, g)
20 mol % MeOH/H2O and (d, h) 31 mol % MeOH/H2O. Experimental data points correspond to different pNIPAM film grafting densities: low
(green triangles), medium (blue circle), and high (red squares).

Table 2. Stagnant Film Thickness (hs), Flow Slip Length (h − hs), and Fractional Penetration Depth (dp) for pNIPAM Films of
Different Grafting Density and Solvent Quality Conditions

high-density films medium-density films low-density films

condition hs(nm)
(h − hs)
(nm) hs/h dp(%) hs (nm)

(h − hs)
(nm) hs/h dp(%) hs(nm)

(h − hs)
(nm) hs/h

dp
(%)

100% MeOH 97 ± 7 128 ± 15 0.43 57 64 ± 7 116 ± 13 0.36 64 44 ± 5 91 ± 11 0.33 67
13 mol % MeOH/H2O 96 ± 8 70 ± 7 0.58 42 63 ± 5 62 ± 5 0.51 49 42 ± 6 53 ± 8 0.44 56
20 mol % MeOH/H2O 100 ± 7 37 ± 3 0.73 27 66 ± 4 35 ± 2 0.65 35 38 ± 4 35 ± 4 0.52 48
31 mol % MeOH/H2O 106 ± 12 24 ± 2 0.81 19 71 ± 5 26 ± 2 0.73 27 44 ± 7 25 ± 4 0.64 36
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films.), whereas only a 10 to 20% difference in dp is
experienced due to a change in grafting density. This finding
rationalizes the observation noted above that absolute slip
length is largely independent of grafting density and collapses
to a constant value in poor quality solvents.

■ CONCLUSIONS

In seeking a better understanding of polymer nanostructure
under flow, the effect of polymer chain grafting density on
laminar flow field penetration into densely grafted polymer
brushes under conditions of varying solvent quality, selected
using the cononsolvency phenomenon, was studied quantita-
tively using the FRET-TIRFM method. Three types of surfaces
of FITC-modified densely grafted pNIPAM brushes, high-
density (0.60 chain/nm2), medium-density (0.38 chain/nm2)
and low-density (0.27 chain/nm2) films, ∼100 nm thick,
differing only in grafting density, were successfully made by
careful control of the surface chemistry. Trends predicted by
theory were observed in that, in the same quality solvent,
external laminar flow had less effect on polymer films of higher
grafting density but more effect on polymer films of lower
grafting density. Moreover, also consistent with theory, the
effects of grafting density on percent film penetration depth
was observed to be less pronounced in good solvent than in
poor solvents, and thus, the absolute penetration depth is
relatively insensitive to grafting density for brushes subjected
to poor solvent conditions.
Unlike what is generally understood for simple fluid slip on

solid substrates, we found that the effects of hydrophilic/
hydrophobic interactions between fluid (probe) and surface
(polymer) on slip length are not deterministic. The results
indicate the possible tug-of-war effect of polymer nanostruc-
ture and fluid-polymer interaction in slip flow penetration. The
former seems to dominate when the polymer is better solvated,
even for densely grafted brushes, in that slip length not only
increases with decreased grafting density but also with an
increase in solvent quality. Moreover, the stagnant film
thickness (hs) collapses to a constant value regardless of
solvent quality, capturing the determinant effect of segmental
profile. Segment profile is more prominent when the polymer
is more compact, i.e. in a poor solvent, as the slip length is
almost constant for all grafting densities. Nonetheless, small
differences are observed in values for the two poor solvents,
likely reflecting intrinsic but subtle differences in fluid-polymer
interactions.
Our experiments further reveal the complex interfacial

nanoscopic structure of polymer brush systems under dynamic
flow conditions, owing to the inherently high degree of
freedom of the polymer and its responsive nature to external
deformation.36,57,58 Grafting density and solvent quality, two
key parameters known to define the internal structure of the
polymer network, are shown to work synergistically to
significantly affect slip flow penetration. However, the
consequences of this synergism are not so intuitive that one
might easily predict the observed outcomes, which has broader
implications to separation science10,11,59 to colloidal stabiliza-
tion,17 transportation,12 and biotechnology19,20 as well as fluid
deformable surfaces at nonequilibrium.
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