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Environmentally responsive, water-soluble polymers have a wide variety of uses ranging from drug
delivery to viscosity modifiers. Their utility lies in the ability to use environmental perturbations to
dramatically alter the material properties. Here, we describe the interfacial properties of a hydrophobically
modified copolymer of N-isopropylacrylamide and glycinylacrylamide (NIPAM-N-Gly-(C18)2), which is
both temperature and pH responsive. Direct force measurements quantified the substantial pH-dependent
change in the molecular properties of end-grafted NIPAM-N-Gly-(C18)2 monolayers. At pH 8.0, where the
glycine side chains are ionized, the polymers exhibit stereotypical polyelectrolyte behavior. Side chain
neutralization at pH 5.0 causes a substantial decrease in the film thickness, and the polymer films adhere
strongly. The adhesion is presumably through H-bonding between the glycine side chains. Our findings
revealed the likely molecular basis of pH-dependent changes in the copolymer films and identified clear
design criteria for tuning the interfacial properties of these polymer films.

Introduction

Surface-grafted polymers are widely used to imbue
materials surfaces with desired properties for specific
engineering applications. The advantages of this meth-
odology are linked to the wide variety of polymers and a
corresponding range of interfacial properties. Most surface
modification strategies rely on tailoring the material’s
surface properties with a single surface chemistry, but
thesurfaceproperties,andhence thematerial interactions,
of environmentally responsive “smart” polymers can be
reversibly switched on demand.1,2 Such polymers undergo
environmentally triggered phase transitions in response
to distinct environmental stimuli. One such temperature
responsive material is poly(N-isopropylacrylamide)
(PNIPAM).

Most studies of PNIPAM have focused on its temper-
ature-dependent phase behavior.3-6 PNIPAM undergoes
a temperature-triggered, reversible change in aqueous
solubility at the lower critical solution temperature (LCST)
of 32 °C. That the latter is conveniently close to body
temperature makes PNIPAM a potentially useful material
for thermally controlled drug delivery in vivo.3 PNIPAM
is hypothesized to swell in water below the transition

temperature, adopting a random coil configuration. Above
the LCST, the chains are believed to become more
hydrophobic and to collapse into a globular conformation.7,8

This thermoresponsive property has been used to fabricate
functional hydrogels,9 tissue glues,10 and membranes.11,12

Atomic force microscopy investigations reported signifi-
cant temperature-induced changes in the range of repul-
sion by PNIPAM films.4 Yakushiji and co-workers found
that graft architecture affects the wettability changes of
PNIPAM-modified surfaces.5

In addition to temperature, several pH-responsive
polymers collapse or expand in response to pH shifts. Some
of these materials were developed to overcome some
practical limitations of liposome delivery systems. Fol-
lowing cell internalization, liposomes are trafficked to
lysosomes where their contents may be degraded by
various hydrolases and peptidases. This often leads to
the poor cytoplasmic transfer of labile compounds, which
may not easily cross cell membranes.6 A potential solution
is to design liposomes that only release their contents
when exposed to mild acidic conditions. The polymer
structure would be such that, in acidic environments,
configurational changes in the adsorbed polymers
would promote liposome disruption.13-15 Examples of
pH-responsive polymers that have shown promising
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liposome release characteristics, include poly(alkyl
acrylic acid)14,16,17 and copolymers of PNIPAM.18

Exploiting the observations of Schneider and co-work-
ers,19 it was shown that the introduction of amino acid
side chains into copolymers backbones could also imbue
polymers with pH sensitivity. Force measurements with
glycine-functionalized amphiphiles showed that glycine
side chains not only alter the electrostatic properties of
membrane surfaces but also promote adhesion over certain
pH ranges.19 Principi and co-workers20 showed that the
LCST of copolymers of N-isopropylacrylamide and N-
glycidylacrylamide depended strongly on pH. Subsequent
studies investigated the stability and pH sensitivity of
vesicles coated with the hydrophobically modified copoly-
mer both in buffer and in human serum. At pH 7.2, vesicles
coated with this material were stable for over 90 days at
4 °C. Above the LCST of 37 °C, the polymer destabilized
the vesicles under weakly acidic conditions, but in human
serum at neutral pH, the polymer was only slightly
destabilizing.21

In this work, we provide direct evidence for the
molecular level changes of grafted NIPAM-N-glycine
copolymer films that are triggered by pH changes. Using
direct force measurements, we quantified the range and
magnitude of both repulsive and attractive forces between
the copolymer films as a function of pH. The film properties
were further investigated as a function of polymer grafting
density and ionic strength. These results both elucidate
the molecular basis for experimentally observed changes
in the interfacial properties of the coatings and define
molecular design rules for tailoring the properties of end-
grafted NIPAM-N-Gly-(C18)2 monolayers.

Materials and Methods
Materials. High-purity 1,2-dipalmitoyl-sn-glycero-3-phos-

phoethanolamine (DPPE) and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine (DSPE) were purchased in powder form (purity
>99%) from Avanti Polar Lipids Inc. (Alabaster, AL). N-
Isopropylacrylamide (NIPAM) was obtained form Aldrich Chemi-
cals Co and purified by recrystallization from hexane/toluene
(1/1 v/v). N-Acryloylglycine ethyl ester (NAGEE)20 and the
lipophilic initiator 4,4′-azobis(4-cyano-N,N-di-n-octadecy)pen-
tanamide (DODA) were prepared as previously described.22 All
inorganic salts were high purity (>99.5%) and were purchased
from Aldrich (Milwaukee, WI). All aqueous solutions were
prepared with water purified with a Milli-Q UV-Plus water
purification system (Millipore, Bedford, MA). Water had a
resistivity of 18.2 MΩ cm-1. HPLC grade methanol and chlo-
roform purchased from Mallinckrodt (St. Louis, MO) were used
to prepare lipid solutions. High-purity silver shot (99.99%,
Aldrich) used for the preparation of silver films on the mica was
from Alfa Aesar (Ward Hill, MA).

Preparation of NIPAM-N-Gly-(C18)2. The copolymer was
prepared in two steps, involving, first, the preparation of a
copolymer of NIPAM and NAGEE and, second, the hydrolysis of
the ethyl esters groups of the glycine side chains. Step 1: A
solution of NIPAM (0.490 g, 4.33 mmol), NAGEE (0.684 g, 4.35
mmol), and DODA (0.153 g, 0.119 mmol) in methanol/dioxane
(25 mL, 2:1 v/v) was purged with nitrogen for 1 h at room
temperature. It was brought to 65 °C and stirred for 20 h under

nitrogen. It was cooled to room temperature and concentrated
in vacuo. The copolymer was isolated by precipitation into diethyl
ether and purified by two precipitations from tetrahydrofuran
(THF) into diethyl ether, yielding NIPAM-N-Gly-(C18)2, ethyl
ester form. This copolymer (0.500 g) was dissolved in THF/water
(40 mL, 4:1 v/v) and treated with a solution of NaOH (0.08 g, 2.0
mmol) in THF/water (10 mL, 4:1 v/v). The reaction mixture was
allowed to stir for 10 h. It was then brought to neutral pH by
dropwise addition of aqueous HCl (1.0 M). The solution was
concentrated in vacuo. The residual oil was dissolved in a
minimum amount of methanol. The copolymer was isolated by
precipitation into diethyl ether and purified by two additional
precipitations from methanol into diethyl ether (0.478 g). The
N-glycine-acrylamide content (NIPAM to N-glycine acrylamide
ratio, m/n ) 1.58 (Figure 1) was obtained by titration of the
carboxylic acid groups performed with a Tanager Scientific
Systems 8901 dual pH meter and titrimeter coupled to a
microcomputer. The average number of acrylamide units per
n-octadecyl end groups was determined from an analysis of the
1H NMR spectrum in CDCl3 (Bruker AMX500 spectrometer) of
the ethyl ester protected copolymer (step 1). It was calculated
using the areas of the signals at 3.97 ppm, due to the resonance
of the isopropylidene proton of the NIPAM units and at 4.18
ppm, attributed to the methylene protons of the glycine unit
(-NH-CH2-COO-C2H5), together with the area of the signal
at 0.85 ppm, attributed to the resonance of the protons of the
terminal methyl group of the n-octadecyl chains. This analysis
led to a Mn value of 30 000 ((500). The molecular weight of the
polymer was determined also by gel permeation chromatography
(GPC) analysis, using polystyrene standards (Mw 26 000; Mw/Mn

1.7). GPC was performed with a Waters system equipped with
a Waters 510 HPLC pump, a Waters 486 UV detector, and Waters
410 differential refractometer and two TSK-gel (R-M and R-3000,
Tosoh Biosep, Japan) columns eluted with dimethyl formamide
(0.5 mL min-1 flow rate, 40 °C). Data were analyzed using the
Millenium (Waters) software.

Cloud points were determined by spectrophotometric detection
of the change in turbidity (λ ) 600 nm) of aqueous copolymer
solutions (1.0 g L-1) heated at a constant rate (0.5 °C min-1) in
a magnetically stirred UV cell placed in a Hewlett-Packard 8452A
photodiode array spectrometer equipped with a 89090A tem-
perature controller. The LCST was >60 °C for solutions at pH
>2.0. Solutions of lower pH exhibit cloud points at 33.1 °C (pH
1.23) and 38.4 °C (pH 1.86). The value reported is the temperature
corresponding to a decrease of 20% of the solution transmittance.

End-Grafted NIPAM-N-Gly-(C18)2 Monolayers. Solutions
of NIPAM-N-Gly copolymer and pure DSPE were prepared in
9:1 chloroform/methanol solutions. Mixtures of various molar
ratios of NIPAM-N-Gly-(C18)2 with DSPE were prepared by
mixing solutions of pure DSPE and lipopolymer in the appropriate
proportions. Surface pressure versus area isotherms were carried
out with a commercial Langmuir-Blodgett trough (NIMA
Technologies, type 611), equipped with a standard Wilhelmy
microbalance. In preparation of samples for experiments at pH
8, the subphase contained 10 mM HEPES and 0.01 M NaNO3

at pH 8. For measurements at pH 5, the subphase consisted of
pure water (pH ∼5). The subphase was maintained at 25 °C by
a circulating water jacket.
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Figure 1. The structure of the NIPAM-N-Gly-(C18)2 copolymer.
In this study, values for m and n were 133 and 84, respectively,
giving an m/n ratio of 1.6.
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The bilayer was prepared by depositing a DSPE/lipopolymer
monolayer onto a crystalline monolayer of DPPE (43 Å2/lipid)
that was prepared by Langmuir-Blodgett (LB) deposition from
the water-vapor interface onto freshly cleaved mica substrates.
After the DSPE/ NIPAM-N-Gly-(C18)2 mixture was spread on
the water surface of the trough, it was compressed to an average
area of ∼43 Å2 per lipid. The monolayer was then deposited at
a constant pressure of 37 mN/m onto the supported DPPE
monolayer. The transfer ratio, which is the area transferred
relative to the area coated by the film, was close to unity in all
cases. Adjusting the NIPAM-N-Gly-(C18)2 mole percent in the
monolayer thereby enabled us to control the polymer grafting
density. In this study, we used 2, 4, and 10 mol % NIPAM-N-
Gly-(C18)2, corresponding to 2150 ( 35, 1048 ( 16, and 387 ( 6
Å2/chain, respectively (Table 1). For all three cases, the grafted
polymer layers were in the brush regime (Figure 2B). The chains
form brushes when the distance between polymer chains, d, is
much less than twice the Flory radius, RF.23 The estimated Flory
radius, RF, of the glycine-NIPAM copolymer used in this work
is 38 Å. The distance between polymer chains, d, is 52, 36, and
22 Å at 2, 4, and 10 mol % NIPAM-N-Gly-(C18)2 in the layer. The
ratios of d/2RF are given in Table 1.

Characterization by Force Measurements. The surface
force apparatus (SFA) quantifies the force between thin films
confined between two crossed cylindrical surfaces as a function

of distance between the disks. In this study, we used a Mark III
surface force apparatus (SurForce Co., Santa Barbara, CA).24

Measurements were carried out at 25 °C in a temperature-
controlled room. This is below the measured lower critical solution
temperature of >54 °C for this copolymer. The distances are
measured with a resolution of (1 Å with the multiple beam
interferometric technique of the instrument.24,25 The force,
normalized by the geometric average radii of the disks R )
(R1R2)1/2 is determined with a resolution of (0.1 mN/m from the
deflection of a sensitive leaf spring that supports the lower disk.23

The normalized force Fc(D)/R is related to the corresponding
interaction energy per unit area E(D) between two equivalent
planar surfaces by the Derjaguin approximation: Ef ) Fc/2πR.23

This relationship holds when the separation distance D , R.23

Results

Definition of Distance between surfaces D. In force
measurements between grafted polymers, D ) 0 Å is
defined as contact between the lipid headgroups under-
neath the polymer chains. The total difference between
the distances measured before and after the deposition of
DSPE and polymer layer defines the total thickness T of
both outer lipid monolayers plus the polymer headgroups.
The distance between surfaces D was determined by
subtracting the thickness of the two DSPE monolayers
from the total thickness T (Figure 2A). Thus, D ) T -
2tDSPE, where the thickness of the DSPE monolayers, tDSPE,
is 28 Å.26

Forces between End-Grafted NIPAM-N-Gly-(C18)2
Brushes at pH 8.0. The distance dependence of the
normalized force between end-grafted NIPAM-N-Gly-
(C18)2 monolayers at pH 8.0 is shown in Figures 3 and 4.
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Figure 2. (A) Sample configuration used in the direct force
measurements. The distances, D, reported in the text refer to
the separation between the bare DSPE lipid membranes
beneath the grafted NIPAM-N-Gly-(C18)2, as shown here. (B)
The configuration of grafted NIPAM-N-Gly-(C18)2, chains. At
the three different grafting densities used in the study (2150
( 35, 1048 ( 16, 387 ( 6 Å2/chain), the polymers were in the
“brush” regime. L is polymer brush extension, and d is the
distance between grafting sites.

Table 1. End-Grafted NIPAM-N-Gly-(C18)12 Monolayers

mol %
NIPAM-N-Gly-(C18)12

grafting density
(Å2/ chain) d/2RF

2 2150 ( 35 0.68
4 1048 ( 16 0.47

10 387 ( 6 0.16

Figure 3. Normalized force vs distance between identical
NIPAM-N-Gly-(C18)2 brushes at pH 8.0 at different salt
concentrations. (A) Force/radius (F/R) vs distance between 4
mol % copolymer brushes at different ionic strengths. The filled
squares correspond to measurements obtained in 0.05 M
NaNO3, the open squares to 0.1 M NaNO3, and the open circles
correspond to 1 M NaNO3. Straight lines are exponential fits
to the data at large distance. (B) Logarithm of the normalized
force (F/R) scaled by Cs (ln(FCs/R)) vs distance at distances
<180 Å. The straight lines through the data are fits to the
power law F/R ) ADn.
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Figure 3 shows the ionic strength dependence of the forces
between the brushes (4 mol %; 1048 Å2/chain), and Figure
4 shows the dependence of the force profiles on the polymer
grafting density. The force profiles measured at all three
ionic strengths and grafting densities were repulsive at
all distances. There was no adhesion between any of these
films at pH 8.

The Pincus model for polyelectrolyte brushes predicts
that the force between two planar brush layers will exhibit
three different dependencies on the separation distance.27

At distances greater than 2L, where L is the brush
extension, the force is largely due to the double layer
repulsion and should decay exponentially with the Debye
length, κ-1. When polyelectrolyte brushes on opposed flat
plates overlap at D < 2L, the disjoining pressure Π exhibits
two regimes. When D > 2D*, where

the disjoining pressure scales directly with the salt
concentration Cs, the distance between grafting sites d-4,
and the distance D as

In eq 1, N is the number of monomers in the chain. When
D < D*, the disjoining pressure is independent of either
the salt concentration or the grafting density. In our
studies, D* was always smaller than half of the distance
of closest approach (repulsive “hard wall”). We therefore
only analyzed forces in the regime where D > 2D*.

To relate the predicted force law between two flat plates
to the normalized force between the two curved disks in
the SFA, we used the Derjaguin approximation.23 Here,
the potential between flat surfaces Wf-f is related to the

force between a sphere of radius R and plane (or between
two crossed cylinders) by Fs-f ) 2πRWf-f. Thus, the
distance dependence of Fs-f/R at D* < D < 2L is

Because d-2, the grafting density, is proportional to the
mole fraction of the lipopolymer in the lipid layer, f, we
can rewrite eq 2 as

Equations 2 and 3 show that the normalized force profiles
measured between polyelectrolyte brushes on two crossed
cylinders will scale with 1/D, with f 2, and with 1/Cs.

The thickness of the polyelectrolyte brush, L, also
depends on the salt concentration and on the grafting
density according to

To determine the effects of the salt concentration Cs on
the force profiles, we performed the force measurements
at three different NaNO3 concentrations: namely, 0.01,
0.1, and 1 M NaNO3 at pH 8.0. Figure 3A shows the effect
of ionic strength on the normalized force curves measured
between NIPAM-N-Gly-(C18)2 at 1048 Å2/chain (4 mol %).
Both the range and the magnitude of the repulsive force
significantly decreased with increasing ionic strength. In
particular, the onset of the repulsive force was at ∼1000,
∼750, and ∼350 Å in 0.01, 0.1, and 1 M NaNO3,
respectively. The normalized force profiles also exhibit
two regimes, which each display different scaling behavior
with distance. At D >140 Å, the force decays exponentially
with distance (Figure 3A, bold lines). With 0.01 M NaNO3,
the force decays exponentially with a decay length of 147
( 14 Å. In a 0.1 M NaNO3 solution, the decay length is
114 ( 9 Å, and in 1 M NaNO3, the decay length is 98 (
3 Å. These results are summarized in Table 2.

If the data are scaled by Cs (cf. eq 2), then the force
profiles at short distance (D < 180 Å) collapse onto a
universal curve (Figure 3B). In this regime, the forces
increased more sharply (cf. Figure 3A), and scaled as a
power law with distance. The logarithm of the force scales
linearly with distance, D (Figure 3B). Fitting the data to
a simple power law gave exponents of -1.52 ( 0.04, -1.4
( 0.2, and -1.27 ( 0.05, measured in 0.05, 0.1, and 1 M
NaNO3, respectively (Table 2).

Forces between polyelectrolyte brushes should also
depend on the polymer grafting density. To determine
whether this applies for the NIPAM-N-Gly-(C18)2 copoly-
mer at pH 8.0, we measured the force curves between the
copolymer brushes at the different grafting densities of
2150, 1048, and 387 Å2/chain, respectively. The results
shown in Figure 4A were all obtained with pH 8.0 buffer
containing 0.1 M NaNO3. At large distance, the inter-(27) Pincus, P. Macromolecules 1991, 24, 2912-2919.

Figure 4. Normalized force vs distance between identical
NIPAM-N-Gly-(C18)2 brushes at pH 8.0 as a function of grafting
density. (A) Logarithm of the normalized force ln(F/R) vs
distance between brushes at different polymer grafting densi-
ties. The filled squares correspond to a grafting density of 10
mol %, the open squares to 4 mol %, and the open circles to 2
mol %. The solid lines through the data show the exponential
decay at large distance. (B) Normalized force, scaled by 1/f 2

(F/f 2R) vs distance, at distances <180 Å. The straight lines
through the data are fits to the power law F/R ) ADn.

D* ) N(2d2CS)-1 (1)

Π ∼ 1/(Csd
4D2) (2)

Table 2. Scaling Parameters for Force Profiles between
NIPAM-N-Gly-(C18)2 Brushes at pH 8.0

power law exponent
(decay length (Å))grafting density

(Å2/chain) 0.05 M 0.1 M 1.0 M

2150 -2.1 ( 0.1
(115 ( 3)

1048 -1.52 ( 0.04 -1.4 ( 0.2 -1.27 ( 0.05
(147 ( 14) (114 ( 9) (98 ( 3)

387 -1.80 ( 0.04
(130 ( 2)

Fs-f/R ∼ 1/(Csd
4D) (3)

Fs-f/R ∼ f 2/(CsD) (4)

L ∼ (Cs/f)
-1/3 (5)
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surface forcedecaysexponentiallywith increasingdistance
(Figure 4A). At the grafting density of 2150 Å2/chain, the
decay length was 115 Å at D > 174 Å. At 1048 Å2/polymer,
the decay length was 114 Å at D > 139 Å and 130 Å at
D > 112 Å between brushes at 387 Å2/chain. The decay
length increased slightly at the highest grafting density.

The force-distance profiles should also scale with the
inverse square of the grafting density, f-2, or with d-4,
where d is half the distance between grafting sites. Figure
4B shows that these force profiles do exhibit the expected
universal scaling behavior when the force profiles, mea-
sured with different surface grafting densities but at the
same ionic strength, are scaled by f-2. In the steeply
increasing force region, the logarithm of the force decays
linearly with distance, indicating that these data display
a power law dependence on distance. The exponents,
determined from fits to the data in this regime (Figure
4B) were -2.1 ( 0.1, -1.6 ( 0.2, and -1.80 ( 0.04 for the
low, intermediate, and high grafting densities, respec-
tively.

Forces between End-Grafted NIPAM-N-Gly-(C18)2
Brushes at pH 5.0. Decreasing the pH reduces the
number of charged carboxylic acid groups (pKa ∼ 4) on the
glycine side chains. This is expected to have three effects.
First, the polelectrolyte should become less swollen,
thereby decreasing L. Second, both interchain and in-
trachain H-bonding may occur. Third, the reduced charge
density will decrease the intersurface repulsion.

To test the impact of pH on the interfacial properties
of the NIPAM-N-Gly copolymer, we carried out measure-
ments between brushes at grafting densities of 1048 and
387 Å2/chain (Figure 5A). The initial measurements were
done in 10 mM HEPES buffer without added salt. Under
these conditions, the surfaces repelled at large distances,
with the repulsion between the more densely grafted

chains extending over much larger distances. Despite the
fact that the salt concentration was negligible, and hence
the screening was insignificant, both the magnitude and
the range of the repulsive force were much smaller than
those measured at pH 8.0. At pH 5.0, the onset of the
repulsive force between brushes at 387 Å2/chain occurred
at ∼200 Å. In contrast, at pH 8.0 and 0.01 M NaNO3, the
repulsive force extended to 600 Å. At the higher grafting
density, even in 0.1 M NaNO3 at pH 8 the repulsion
extended to >1000 Å, which is much longer ranged than
that at pH 5 in the absence of any screening. Thus,
reducing the polymer charge substantially decreased L
and, hence, the range and magnitude of the intersurface
repulsion.

Another significant change was the onset of adhesion
between the polymer layers. This was evident from the
noticeable hysteresis between the advancing (loading) and
receding (unloading) curves (Figure 5B). During separa-
tion of the brushes, the force decreased with separation
to about 90 Å, and then the surfaces slowly jumped out
of adhesive contact from 100 ( 10 Å (Figure 5B). The force
at which adhesive failure occurred is the pull-off force,
Fpo. According to the Johnson-Kendall-Roberts theory
of the adhesion between deformable solids, Fpo is related
to the adhesion energy per area between the brushes by
E ) Fpo/1.5πR.23,28

The jump off positionssthat is, the distances at which
we detected adhesive failuresdepended on the time in
contact and on the compressive load. The distances from
which the two surfaces began to jump out of adhesive
contact decreased with increasing compressive load and
time in contact (Table 3). This behavior was reproducible
and was observed at several different regions of the 2 cm2

sample. The observed jumps apart were also very slow at
the beginning. The pull off began slowly, and the surfaces
finally snapped out of contact at a larger separation. The
dynamics of the pull-off depended on the applied force
and time in contact. Under conditions where the adhesion
was weak, if the measurements were not performed
sufficiently slowly, the jump-out was easily missed.
However, under conditions that generated stronger adhe-
sion, i.e., greater number of interchain bonds, adhesive
failure occurred abruptly.

At pH 5, the magnitude of the adhesion also increased
with the grafting density. Similar measurements were
carried out between the copolymer brushes at a grafting
density of 387 Å2/chain. As expected, the chain extension,
and hence the range of the repulsion, increased with
grafting density. The compressed polymer thickness
similarly increased. However, as shown in Table 3, despite

(28) Efremova, N. V.; Sheth, S. R.; Leckband, D. E. Langmuir 2001,
17, 7628-7636.

Figure 5. (A) Logarithm of the normalized force ln(F/R) versus
distance between grafted NIPAM-N-Gly-(C18)2 at pH 5.0. The
filled squares correspond to 10 mol % NIPAM-N-Gly-(C18)2 (387
Å2/chain) and the open squares correspond to 4 mol % NIPAM-
N-Gly-(C18)2 (1048 Å2/chain). (B) Force-distance profile between
4 mol % NIPAM-N-Gly-(C18)2 monolayers at pH 5 and 25 °C.
The filled squares correspond to the advancing curve in water.
The open squares correspond to the receding curve in water.
The filled and open circles correspond to the advancing and
receding curves in an aqueous solution of 0.1 M NaNO3 at pH
5. There was no adhesion in the latter case.

Table 3. NIPAM-N-Gly-(C18)12 Adhesion at pH 5.0

4 mol %
NIPAM-N-Gly-(C18)12

(1048 Å2/chain)

compressive
force

(mN/m)

time in
contact
(min)

jump-off
distance
(Dj, Å)

normalized
pull-off force
Fpo/R (mN/m)

adhesion
energy
(mJ/m2)

4 2 179 ( 5 0.05 ( 0.02 0.010 ( 0.004
30 140 ( 4 0.25 ( 0.06 0.05 ( 0.01
60 142 ( 4 0.33 ( 0.13 0.07 ( 0.03

9 2 142 ( 4 0.25 ( 0.04 0.054 ( 0.008
30 132 ( 4 0.59 ( 0.17 0.13 ( 0.04
60 120 ( 4 0.72 ( 0.24 0.15 ( 0.05

15 2 118 ( 4 0.50 ( 0.10 0.11 ( 0.02
30 96 ( 4 0.85 ( 0.22 0.18 ( 0.05
60 93 ( 4 0.95 ( 0.28 0.20 ( 0.06
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the increased repulsion, the adhesion between the denser
polymer layers is greater. This is as expected since a higher
density of polymers per unit volume allows for the
formation of a larger number of H bonds, and hence greater
adhesion.

To quantify the impact of the ionic strength on the
NIPAM-N-Gly-(C18)2 polymer at pH 5.0, the same experi-
ment was carried out in 0.1 M NaNO3 and at a polymer
grafting density of 1048 Å2/chain (Figure 4A). Changing
the salt concentration had little impact on the range and
magnitude of the long-ranged force. The magnitude of the
force is only slightly smaller than that in the absence of
salt, indicating that there is much less charge along the
polymer backbone. Thus, the polymer extension L and
the long-ranged force are fairly insensitive to the ionic
strength. However, in 0.1 M NaNO3 the adhesion was
completely extinguished.

Polymer Relaxation and Time-Dependent Behav-
ior. The magnitude of the adhesion at pH 5 depends both
on the magnitude of the compressive force and on the
time that surfaces were kept in contact. We studied the
changes in intersurface adhesion as a function of the
compressive force and the time in contact at grafting
densities of 1048 Å2/chain (4 mol %; Figure 6) and 387
Å2/chain (10 mol %; Figure 7). At a grafting density of
1048 Å2/chain, the compressive forces used were 4, 9, and
13 mN/m, and the contact times were 2, 30, and 60 min
at each load (Figure 6). In the latter case, the magnitude
of the pull-off force increased with contact time and then
leveled out around 9 mN/m. At 387 Å2/chain, we used
compressive forces of 15, 39, and 77 mN/mand contact
times of 2, 30, and 60 min, respectively (Figure 7). In this
case, the pull-off force continued to increase with the
applied pressure, even up to compressive loads of 77 mN/
m. At similar 60-min incubation times, the adhesion did
not reach a limiting value.

Discussion

These studies reveal the molecular basis of the sub-
stantial, pH-dependent changes in the interfacial proper-
ties of grafted NIPAM-N-Gly-(C18)2 films. At high pH, the
polymer behavior exhibits features characteristic of a
polyelectrolyte brush, but a drop in pH switches the
polymer film from self-repelling to self-attracting. The
brushes collapse and adhere to each other. This differs
from polymer collapse due to temperature-dependent
changes in solvent quality, since the chains in these
experiments are in good solvent. These studies were all
carried out at 25 °C, which is well below the LCST of >54
°C for this copolymer. Nevertheless, these direct mea-
surements reveal the qualitative and quantitative changes
in the molecular properties of these polymer brushes under
different solution conditions. They further reveal the
molecular origins of pH-dependent solubility changes of
liposomes coated with this material.21

These findings thus delineate design rules for tuning
the properties of NIPAM-N-Gly-(C18)2 brushes. At high
pH, the polymer interactions are relatively well described
by scaling theory for polyelectrolyte brushes, exhibiting
universal scaling behavior when appropriately scaled by
Cs and by f-2. Thus, the thickness and interactions can be
tuned according to eqs 3 and 4.

The high pH behavior does differ from that of ideal
chains in good solvent. First, although the exponents
describing the power law decay are close to unity, they
exceed the predicted value of unity in all cases. Addition-
ally, the long-ranged decay lengths exceed the Debye
lengths, which are 14, 10, and 3.0 Å, respectively, for 0.01,
0.1, and 1 M NaNO3 solutions. These deviations could be
due to the high polydispersity, Mn/Mw ) 1.7, of the polymer
we used. However, similar deviations at large distances
were reported with a different polyelectrolyte with a

Figure 6. The pull-off force between 4 mol % NIPAM-N-Gly-
(C18)2 monolayers at pH 5. Measurements were carried out at
25 °C in pure water in the absence of added NaNO3. (A) Change
in adhesion with contact time. The open circles correspond to
a compressive load of 4 mN/m, the open squares to 9 mN/m,
and the filled squares to 13 mN/m. (B) Change in adhesion with
the compressive force. The open circles correspond to a contact
time of 2 min, the open squares to 30 min, and the filled squares
to 60 min.

Figure 7. The pull-off force between 10 mol % NIPAM-N-
Gly-(C18)2 monolayers at pH 5. Measurements were carried out
at 25 °C in water in the absence of added NaNO3. (A) The change
in adhesion with contact time. The open circles correspond to
a compressive load of 15 mN/m, the open squares to 39 mN/m,
and the filled squares to 77 mN/m. (B) The change in adhesion
with compressive force. The open circles correspond to 2 min,
the open squares to 30 min, and the filled squares to 60 min.
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polydispersity of 1.1.29 The large decay length suggests
that some chains may be more extended than those
predicted for polyelectrolytes in good solvent. Masra and
Tirrell predicted that the segment density profiles of
polyelectrolytes in increasingly poor solvents could adopt
a denser phase near the surface with more dilute, extended
chains at the outer periphery.30 Such dilute outer chains
could account for these anomalous long-ranged forces. This
could be verified by X-ray reflectivity measurements of
the segment density profiles of the grafted chains.31

There are two reasons for the decrease in the long-range
decay length with increasing salt concentration: namely,
the polyelectrolyte extension L decreases with the salt
concentration, and salt screens the electrostatic double
layer force at D > L. The brush extension L is predicted
to scale with the salt concentration according toL∼Cs

-1/3.27

Between neutral polymers, the extension L that was
determined from the range of the osmotic force between
polymer brushes agreed with theory and with X-ray
reflectivity measurements.31,32 Here, however, we could
not determine L from force data alone because the
repulsive force is a superposition of the electrostatic double
layer repulsion and the osmotic force between the chains.
Moreover, both depend on the ionic strength, making it
difficult to deconvolute these contributions from force-
distance measurements alone. Nevertheless, the qualita-
tive trends agreed with the predicted behavior. Increasing
the salt concentration from 0.1 to 1 M nearly halved the
range of the repulsion from 750 to 350 Å.

There are several notable features of the significant
changes in the polymer properties at low pH. First, the
reduction in monomer repulsion caused the brushes to
collapse, and the increased contribution from H-bonding
led to interchain and intrachain adhesion. Schneider and
co-workers proposed that increasing the pH from 6 to 8
charged the glycines, by deprotonating the exposed,
terminal carboxylic acid.19,33 At pH 5.0, a considerable
number of carboxyl groups will be protonated, and these
can in turn hydrogen bond with other glycines as shown
in Figure 8. The reduced charge along the polymer
backbone would reduce the electrosteric repulsion between
chains, allowing greater interpenetration of chains from
opposing brushes. Moreover, adhesion develops when the
increased attraction due to the putative H-bonding
between amide and carboxyl groups (Figure 8) exceeds
the electrostatic repulsion.

Second, the polymer interactions are time dependent,
and the dynamics depend on the grafting density. The
glycine-glycine adhesion develops with time, presumably
as the opposed polymers interpenetrate and increase their
effective contact area.34 The osmotic and electrostatic
penalty for chain interpenetration would increase with

increasing grafting density, so that the rate of increase
would correspondingly decrease. There is a tradeoff how-
ever since the overall adhesion increases with grafting
density at the same time that the rate of increase in
adhesion decreases. Thus, although robust adhesion would
develop more quickly with the more dilute chains, the
initial adhesion may still be higher between the denser
brushes than the fully developed adhesion between dilute
ones.

Conclusions
Using direct force measurements, we have elucidated

the molecular basis of experimentally observed, pH-
dependent interactions between NIPAM-Gly-(C18)2-coated
liposomes. We further quantified the dependence of the
brush properties on a variety of design parameters such
as ionic strength and grafting density. These findings will
facilitate the rational design of NIPAM-Gly coatings with
interfacial properties that are defined at an unprecedented
level of detail. These results reveal, for example, the
different properties that end-grafted NIPAM-N-Gly-(C18)2
would exhibit in blood, in lysosomes, or in the stomach.
They further define the underlying principles for precisely
tuning the interfacial properties in ways that may expand
the range of uses of this material.
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Figure 8. Hypothetical side chain hydrogen bonding as a
function of pH. (A) At pH 5.0, the carboxyl groups were
protonated and form hydrogen bonds with amide groups. (B)
At pH 8.0, the carboxyl groups were deprotonated and negatively
charged. The charge generates electrostatic repulsion between
surfaces.
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