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ABSTRACT: We modeled the effects of temperature, degree of polymerization, and surface coverage on
the equilibrium structure of tethered poly(N-isopropylacrylamide) chains immersed in water. We employed
a numerical self-consistent field theory where the experimental phase diagram was used as input to the
theory. At low temperatures, the composition profiles are approximately parabolic and extend into the
solvent. In contrast, at temperatures above the LCST of the bulk solution, the polymer profiles are
collapsed near the surface. The layer thickness and the effective monomer fraction within the layer undergo
what appears to be a first-order change at a temperature that depends on surface coverage and chain
length. Our results suggest that as a result of the tethering constraint, the phase diagram becomes
distorted relative to the bulk polymer solution and exhibits closed loop behavior. As a consequence, we
find that the relative magnitude of the layer thickness change at 20 and 40 °C is a nonmonotonic function
of surface coverage, with a maximum that shifts to lower surface coverage as the chain length increases
in qualitative agreement with experiment.

I. Introduction

It is of technological interest to fabricate modified
surfaces that allow for reversible modulation of surface
properties. Surfaces modified with poly(N-isopropyl-
acrylamide) (PNIPAM)1 have been used in the past to
reversibly switch wettability,2 adhesion of cells3 and
proteins,4 and membrane porosity5 with temperature.
Aqueous solutions of PNIPAM exhibit a lower critical
solution temperature (LCST) near 30 °C. To help
optimize this system for future applications, we inves-
tigate how temperature affects the equilibrium struc-
ture of the tethered PNIPAM.

There have been several experimental efforts to
measure the structure of tethered PNIPAM immersed
in water at temperatures above and below the LCST.
Neutron reflectivity (NR) techniques have been used to
measure the composition profile of tethered polymers
with varying solvent quality. For upper critical solution
temperature (UCST) systems, generally there is a
continuous decrease in polymer film thickness as the
temperature is lowered below the Θ point.6,7 Yim and
co-workers8 used NR to determine changes in the
structure of tethered PNIPAM with low surface cover-
age at 20 and 55 °C. Contrary to what was expected,
they observed very small changes for 33 and 220 kDa
chains. In a later study, Yim and co-workers9 reported
significant changes in the monomer segment density
profiles over a series of temperatures for tethered
PNIPAM with much higher surface coverage. These
studies suggest that molecular weight and surface
coverage might play an important role in the temper-
ature response. Balamurugan and co-workers10 dem-
onstrated that surface plasmon resonance techniques

could be used to probe the index of refraction of tethered
PNIPAM near the surface. Atomic force microscopy
techniques have also been used to characterize the
structure of tethered PNIPAM immersed in water at
∼25 and 40 °C.11,12

Various theoretical approaches have been used to
understand the equilibrium structure of polymers teth-
ered to a wall.13-15 Alexander16 and deGennes17,18

developed scaling theories for the dependence of layer
thickness on surface coverage and molecular weight.
Self-consistent field (SCF) theory has been adapted to
the tethered polymer case by various investigators.19-25

In the limiting case of highly stretched, high molecular
weight chains, Milner et al.26-28 and Cosgrove29 solved
the SCF theory equations analytically to obtain segment
density profiles that are parabolic. An analytical mean-
field theory was reported by Zhulina and co-workers30

who proposed a free energy functional consisting of free
energy of mixing and elastic terms. In this theory, the
distribution of chain ends is obtained from minimization
of the free energy. A somewhat simpler version was
developed by Pincus31 and used by Halperin32 who
assumed the form of the chain end distribution.

The effect of solvent quality on the structure of
tethered polymers has been studied with computer
simulations. Grest and co-workers have performed
molecular dynamics (MD) simulations for tethered
polymers. They modeled these systems with explicit33

and implicit34,35 solvent for a range of solvent quali-
ties.36,37 Lai and Binder used Monte Carlo techniques
to study tethered polymers in various solvent qualities.38

They reported a continuous decrease in the first moment
of the segment density profile with decreasing temper-
ature. Under poor solvent conditions, they observed
lateral inhomogeneities in the film density.

Baranowski and Whitmore used numerical SCF theory
to model experimental neutron reflectivity data of
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tethered polystyrene in two solvent qualities. In their
first study,39 they modeled the experimentally deter-
mined40 structure of tethered polystyrene immersed in
a good solvent; subsequently, they modeled22 experi-
mental NR data41 of tethered polystyrene in a Θ solvent.
They examined the effects of surface coverage and
molecular weight on the segment density profiles and
found good agreement between theory and experiments.

Karlstrom and co-workers42 employed a lattice SCF
theory for modeling end-grafted poly(ethylene oxide)
(PEO) immersed in water. High molecular weight PEO
in aqueous solution is known to exhibit an UCST near
100 °C. A two-state model of PEO was proposed in an
earlier paper43 to obtain semiquantitative agreement
with the experimental phase diagram of unbound PEO
in water. With this two-state model, they predicted only
minor changes in the segment density profiles as the
temperature was varied from 27 to 327 °C.

Baulin, Halperin, and co-workers44,45 generalized the
mean-field theory of Pincus31 by introducing a concen-
tration and temperature dependent ø parameter to
provide a more a realistic model of tethered polymers
in aqueous solution. They reported that a ø with strong
concentration dependence leads to the possibility of
vertical phase separation within a brush with high
surface coverage. They applied their theory to the case
of tethered PNIPAM immersed in water44 by using the
concentration and temperature dependent ø parameter
reported by Afroze and co-workers46 for aqueous PNIPAM
solutions.

In Figure 1, we have plotted a fit to the phase diagram
of the PNIPAM/water solution measured by Afroze and
co-workers.46 The experimental data were fit to Flory-
Huggins theory with a ø parameter that depends on
composition and temperature as shown in the inset. The
inset in Figure 1 displays the composition dependence
of ø at 20 and 40° C. Note that at a composition of φ )
0.53 the temperature dependence of ø changes from
positive (below) to negative (above). Note also that this
is an LCST system where the solution undergoes phase
separation at approximately 25-30 °C, the exact value
depending on the composition and molecular weight.
The purpose of this investigation is to study the differ-
ence in the structure of the tethered PNIPAM near the

surface above and below the LCST of the bulk solution.
Following the idea of Baulin and Halperin44 in their
analytical approach, we use the experimental data of
Afroze et al. as input to our numerical SCF theory to
deduce composition profiles as a function of molecular
weight, surface coverage and temperature.

II. Theory
In this paper we use a SCF theory that is a gener-

alization of the density functional theory (DFT) of
McCoy, Ye, and Curro47,49 for tethered polymers. They
applied DFT to tethered, athermal polymers immersed
in either an explicit or continuum solvent.47 For the case
of explicit solvent, they obtained close agreement be-
tween DFT, MD simulations, and single-chain mean
field theory.48 Applying DFT to tethered polymers in a
continuum solvent, they again found close agreement
with results from MD simulations.47 They also applied
DFT to tethered polymers in an implicit or continuum
solvent to study the effect of temperature on the
tethered chain structure. With certain approximations,
they adapted DFT to conventional SCF theory and
found agreement with results from MD47 simulations.

In this approach47 the density profiles Fp(z) and Fs(z)
of polymer and solvent are calculated self-consistently
from the coupled functional equations

where z is the distance from the surface and UR
0(z) is an

external field for polymer or solvent (R ) p, s) designed
to mimic the effects of solvent and other chains on a
given tethered chain or solvent molecule. The first of
these equations represents the calculation of the density
profile of a single tethered chain, or solvent molecule,
in the external field. The second part of eq 1 represents
the calculation of the external field from Fp(z) or Fp(z)
and represents the essential approximation that dis-
tinguishes one DFT theory from another. Here we
employ the approach of Chandler, McCoy, and Singer,50

which involves a functional Taylor series expansion of
the free energy. The details are discussed in several
applications to polymers47,51-53 and will only be briefly
sketched here. The free energy difference ∆W[Fp(z),Fs(z)]
between the tethered chain system and an ideal system
is expanded to quadratic terms about a reference system
of untethered macromolecules in bulk solution. The
ideal system is defined to have the same polymer and
solvent profiles as the real system, and is introduced to
approximately cancel out cubic and higher order terms
in the expansion. Obviously, the closer the ideal system
is to the real system the more accurate the expansion
will be. For our purposes, we choose the ideal system
to consist of noninteracting solvent sites and freely
jointed chains tethered to a surface in the presence of
the ideal fields Up

0(z) and Us
0(z). Minimization of the

Grand potential free energy through δ∆W/δFR(z) ) 0
leads to the following expressions for the ideal polymer
and solvent fields51-53

Figure 1. Phase diagram, in the infinite chain limit, predicted
from the experimental results of Afroze et al.46 using a
composition and temperature dependent ø parameter with the
parameters displayed in Table 1. The solid curve is the
bimodal, the dashed curve is the spinodal line, and the points
are the data from ref 46. The inset shows the composition
dependence of ø at two different temperatures.

FR(z) ) F[Up
0(z),Us

0(z)]

UR
0(z) ) G[Fp(z),Fs(z)] (1)

âUp
0(r) ) âUp(r) - ∑

γ)s,p
∫Cp,γ(r - r′)∆Fγ(r′) dr′

âUs
0(r) ) âUs(r) - ∑

γ)s,p
∫Cs,γ(r - r′)∆Fγ(r′) dr′ (2)
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where â ) 1/kBT and the CRγ(r) are the direct correlation
functions54,55 for the homogeneous polymer solution
reference system. Up(r) and Us(r) are the fields due to
the presence of the wall acting on the polymer and
solvent, respectively. The terms ∆Fγ ) Fγ(z) - Fγ,ref are
the differences between the polymer or solvent density
profiles and their corresponding values in the reference
system. Note that the convolution integrals in eq 2 imply
that the polymer and solvent fields at position r are
nonlocal in the sense that they depend on the direct
correlation functions, not just at r but over a range of
positions. The direct correlation functions can be found
from solving for the structure of the homogeneous
polymer solution and contain information about the
finite size of the monomer (or solvent) and its effect on
the packing in the bulk liquid mixture. Inclusion of
nonlocality in the calculation of the density profile is
important to capture packing-induced structure near the
surface.

In this work our main interest is in the density
profiles on longer length scales on the order of the radius
of gyration Rg of the tethered macromolecules. Hence
we simplify our fields by approximating the direct
correlation functions as being short-range according to
CRγ(r) ) ĈRγ(0)δ(r) where the caret denotes the Fourier
transform. Substitution of this approximation into eq 2
leads47,49 to the following simplified, local fields

where FT ) Fp + Fs is the total density of polymer and
solvent and is held fixed. In obtaining eq 3 from eq 2,
we have dropped certain constants that are unimportant
in the calculation of the density profiles. The λ(z) term
is a Lagrange multiplier inserted to enforce incompress-
ibility. For a compressible system this undetermined
multiplier can be set to zero.

Thus far in our analysis we have not specified the
reference system about which the free energy is ex-
panded. For untethered chains and solvent under
confinement, the obvious choice of a reference system
would be the corresponding bulk solution at a concen-
tration that would exist infinitely far from the surface.
In the case of our tethered chains in solution, this would
correspond to pure solvent since the grafting constraint
confines the chains near the substrate. Since we are free
to choose the reference system, we take it instead to
consist of a bulk polymer solution at a concentration
equal to the average concentration within the polymer
brush.

Thus, our reference system is coupled indirectly to the
polymer profile through eq 4. This coupling reintroduces
a nonlocal aspect to the field.

As was done by Baulin and Halperin44 in their
analytical theory, our intention in this paper is to use
the experimentally determined phase diagram as input
to DFT theory in order to predict the density or
composition profile of the PNIPAM tethered chains.

Toward this end we employ the incompressible, mean
field Flory-Huggins theory56 to obtain the direct cor-
relation functions in eq 3. The direct correlation func-
tions in the zero wave vector limit can be written
as49,54,55

where N is the number of monomers and the ŜRγ
-1(k)

are the various inverse structure factors. Following
Kirkwood and Buff,57 the inverse structure factors in
the zero wave vector limit can be related to the Helm-
holtz free energy of mixing, Amix.

Substitution of eq 6 into eq 5 yields

Afroze and co-workers46 fit their experimental phase
diagram of the PNIPAM/water system with a composi-
tion and temperature-dependent ø parameter of the
form (see Figure 1)

The Ai and Bi parameters determined by Afroze et al.46

are given in Table 1. With these parameters, the
temperature dependence of ø can be seen from the inset
in Figure 1 to change sign at a volume fraction of 0.53.
This causes the spinodal temperature to diverge at this
volume fraction. One should exercise caution in applying
eq 8 at temperatures and volume fractions much beyond
the range of the experimental data used to fit Ai and
Bi. For PNIPAM solutions, the Flory-Huggins free
energy of mixing can then be written as

After taking the appropriate derivatives followed by

Table 1. Parameters in Eq 8 for Describing the
Temperature and Composition-Dependent ø Parameter

of Aqueous PNIMPAM Solutions Obtained by Afroze and
Co-Workers46

i Ai Bi (K-1)

0 -12.947 0.044959
1 17.920 -0.056944
2 14.814 -0.051419

Ĉpp(0) - Ĉps(0) ) 1
NFp

- Ŝpp
-1(0) + Ŝps

-1(0)

Ĉps(0) - Ĉss(0) ) - 1
Fs

- Ŝps
-1(0) + Ŝss

-1(0) (5)

ŜRγ
-1(0) ) 1

kBTV(∂2Amix

∂FR∂Fγ
)

T,V
(6)

Ĉpp(0) - Ĉps(0) )

1
NFp

- 1
VkBT(∂2Amix

∂Fp
2 )

TV

+ 1
VkBT(∂2Amix

∂Fp∂Fs)TV

Ĉps(0) - Ĉss(0) )

- 1
Fs

- 1
VkBT(∂2Amix

∂Fp∂Fs)TV

+ 1
VkBT(∂2Amix

∂Fs
2 )

TV

(7)

ø(φ,T) ) ∑
i)0

2

(Ai + BiT)φi ) ∑
i)0

2

øi(T)φi (8)

âAmix ) V[Fp

N
ln φp + Fs ln(1 - φp) + Fs∑

i
øi(T)φi+1]

(9)

âUp
0(z) ) âUp(z) - [Ĉpp(0) - Ĉps(0)][Fp(z) - FT] + λ(z)

âUs
0(z) ) âUs(z) - [Ĉsp(0) - Ĉss(0)][Fp(z) - FT] + λ(z)

(3)

Fp,ref ) 〈Fp〉 )
∫0

∞
Fp

2(z) dz

∫0

∞
Fp(z) dz

(4)
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substitution into eqs 7 and 3, we obtain the polymer
and solvent fields

where φR ) FR/FT is the volume fraction of polymer or
solvent. In eq 10 we have written the reference system
volume fraction as 〈φp〉 ) 〈Fp〉/FT to be evaluated from
the density profile from eq 4.

Given the ideal polymer and solvent fields, we now
consider the functional F in the first part of eq 1 for the
calculation of the polymer and solvent profiles. Our
choice of a single-site solvent in the ideal system allows
us to solve for the solvent profile Fs(z) directly from the
ideal solvent field.

Because of chain connectivity, the form of the F-
functional for the tethered polymer is much more
complex and can be written formally as

where site 1 of the polymer is constrained to be tethered
to the surface at r0. All the chain connectivity con-
straints and intrachain interactions are contained in
S̃(r1...rN). In this work our ideal system is a freely
jointed chain of bond length σ for which we can write

In this case, eq 11b can be solved numerically using
Fourier transforms as discussed in detail in ref 47. Note
that with our method of solution, we do not make the
Gaussian approximation commonly made in other ver-
sions of SCF theory and the chains are of finite
extensibility. For more realistic models with excluded
volume interactions and chain stiffness, the chain is
non-Markovian, and eq 11b can only be solved through
a single-chain simulation.

In this work, eqs 10 and 11 are solved self-consistently
for the density profiles of tethered PNIPAM macro-
molecules in aqueous solution. The inputs to our SCF
theory are N, σ, FA, and ø where the surface coverage
FA is the number of freely jointed chains per unit area.
Here the ø parameter is supplied from the experimental
phase diagram for aqueous PNIPAM solutions. Alter-
natively, one could employ simulation or PRISM theory

to provide the required input concerning the structure
of the reference system consisting of the homogeneous
polymer solution.

III. Results and Discussion
The SCF equations were solved self-consistently using

numerical methods described previously.47,49 The z-axis
was divided into a grid with spacing of 0.25σ and 600
Fourier components were used in the numerical solution
of the polymer density profile. The segment density
profile, Fp(z) is determined through an iterative scheme
where an initial profile is used to calculate the external
field, U°(z), which is then used to calculate a new Fp(z).
To stabilize these iterations, a mixing coefficient was
utilized ()0.10). A convergence criteria requiring that
the maximum difference between the Fp(z) in consecu-
tive iterations be less than 0.1% was employed. For all
SCF theory calculations, the total density, FTσ3, was set
equal to 1 for convenience.

We first used our theory to determine how the
polymer surface coverage FA affects the volume fraction
profile, φ(z), while keeping the chain length constant.
In Figure 2 we present the profiles for N ) 100 and FAσ2

) 0.001, 0.005, 0.01, and 0.05 at 20 and 40 °C. At low
temperatures, we expect water to be a good solvent and
the PNIPAM chains to be well solvated; at high tem-
perature, we expect the water to be a poor solvent and
the PNIPAM chains to have a more compacted confor-
mation.9 At 20 °C, the profiles can be seen to be
approximately parabolic, and the chains become more
stretched with increasing surface coverage. When the
profiles are calculated at the higher temperature, the
polymer chains are collapsed (see inset) as measured
by the maximum extent, arbitrarily defined as the value
of z/σ at φ ) 0.02, which decreases from 35 at 20 °C to
12 at 40 °C for FAσ2 ) 0.05. The profiles in the inset of
Figure 2 at the higher temperature are characterized
by peaks and exclusion zones at the wall. There is a
maximum in φ(z) away from the surface because at 40
°C water is a poor solvent, and the polymer, in an
attempt to minimize contact with the water, segregates
into “drops”. This is qualitatively seen experimentally
in refs 6 and 41.

Most of the profiles in this investigation, including
those in Figure 2, were calculated with the wall poten-
tial Up(z) in eq 10 being a hard wall, i.e., there were no
attractive interactions between the monomers and the

âUp
0(z) ) âUp(z) + [1 - 1

N
- 2(ø0 + 2ø1 + 3ø2)〈φs〉 +

6(ø1 + 3ø2)〈φs〉
2 - 12ø2〈φs〉

3][φp(z) - 1] + λ(z)

âUs
0(z) ) âUs(z) + [1 - 1

N
- 2(ø0 - ø1)〈φp〉 +

6(ø1 - ø2)〈φp〉2 + 12ø2〈φp〉3][φp(z) - 1] + λ(z) (10)

Fs(r) ) Fs,ref exp(-âUs
0) (11a)

Fp(r) ) ∑
i)1

N

〈δ(ri - r)〉

〈δ(ri - r)〉 )
∫δ(ri - r)Z(ri) dri

∫Z(ri) dri

Z(ri) )

e-âUi
0 ∫ ... ∫δ(r1 - r0)S̃(r1...rN) exp(-∑

j*i
âUj

0)∏
j*i

drj

(11b)

S̃(r1...rN) ) δ(r1,2 - σ) ... δ(rN-1,N - σ) (12)

Figure 2. Polymer volume fraction profiles for N ) 100 and
various FAσ2 (from low to high, 0.001, 0.005, 0.01, 0.05). The
profiles in were calculated at 20 °C (main plot) and 40 °C
(inset), respectively. Note that the y-axis for both plots are
different.
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wall. For real tethered polymers, there might be, for
example, van der Waals, electrostatic or dipole interac-
tions. To mimic the attractive interaction between a
charge and a nonpolar surface,58 we performed SCF
theory calculations with an attractive tail having the
form

where the strength of the interaction can be varied
through the constant, c. For chains with N ) 100 and
FAσ2 ) 0.07 at 20 and 40 °C, we see in Figure 3 that as
the attraction strength c increases, the polymer profiles
shift toward the wall. At 20 °C, the profiles are no longer
parabolic, and the increase in c leads to a sharp rise in
the profile very close to the wall. At the higher temper-
ature shown in the inset, the peak is shifted closer to
the wall with increasing c, and eventually the tendency
to form the drops seen in Figure 2 disappears as
polymer accumulates near the wall. Qualitatively simi-
lar results were found for quadratic and cubic forms of
the wall attraction potential.

The effect of degree of polymerization, N, was explored
for tethered polymers with constant surface coverage
(FAσ2 ) 0.01). φ(z) values for N ) 50, 100, 150, and 200
at 20 and 40 °C are shown in Figure 4, respectively. As
the number of monomers per chain is increased, the
polymer at 20 °C extends away from the wall. The
features very close to the wall may not be accurately
predicted since, in view of the delta function approxima-
tion of the direct correlation functions, we do not expect
to capture local packing effects. At the higher temper-
ature, the polymer profile is more collapsed as the
unfavorable monomer/solvent interactions increase the
tendency of polymer segments to be near each other.
The centers of the peaks move farther from the wall
with increasing chain length.

The overall thickness of the tethered polymer layer
can be described by 〈z〉, twice the first moment of the
φ(z) distribution

The factor of 2 ensures that eq 14 reduces to the layer
thickness for a step density profile. In Figure 5 we have
plotted 〈z〉 as a function of chain length N and surface
coverage (inset) at 20 and 40 °C. It can be seen that the
average thickness exhibits power law behavior 〈z〉 ∼
σ(FAσ2)RNγ. In the strongly overlapped regime where the
average spacing between tethered chains is much less
than Rg of the polymer in solution (i.e. (FAσ2)-1/2 , Nν),
scaling arguments16,17 give R ) (1 - ν)/2ν and γ ) 1
where ν is the Flory exponent. Hence R ) 1/3, 1/2, and 1
for good, Θ, and poor solvents respectively in this
regime. From the slopes of the plots in Figure 5 we
estimate R ) 0.20, γ ) 0.86 at 20 °C, and R ) 0.42, γ )
0.80 at 40 °C. For the range of surface coverages (FAσ2

) 0.01 to 0.1) and chain lengths (N ) 25-150) studied
here, the strongly overlapping conditions are not rigor-
ously satisfied. From neutron reflectivity experiments
on tethered PNIPAM chains in the presence of water,
Yim and co-workers59 found that γ ) 0.55 at 20 °C and
0.81 at 41 °C for relatively high surface coverage.

The focus of this investigation is on how temperature
affects the equilibrium structure of tethered PNIPAM.
The effects of temperature are included in ø(φ,T) using
the parameters in Table 1. For LCST systems, the
solvent quality is expected to decrease with increasing
temperature where a phase transition occurs at the
demixing (or cloud-point) temperature. At temperatures

Figure 3. Polymer volume fraction profiles, φ(z), for N ) 100
and FAσ2 ) 0.01 with attractive interactions between mono-
mers and the wall, i.e., Up(z) ) -c/z. The strength is varied
through c (from low to high φ(z) near wall 0, 0.2, 0.3, 0.4, 0.5).
The profiles were calculated at 20 (main plot) and 40 °C (inset),
respectively. Note that the x- and y-axes for both plots are
different.

Figure 4. Polymer volume fraction profiles for FAσ2 ) 0.01
and various N (from left to right, 50, 100, 150, 200). The
profiles were calculated at 20 °C (main plot) and 40 °C (inset),
respectively. Note that the x- and y-axes for both plots are
different.

Figure 5. Logarithmic plot of the first moment 0.5〈z〉/σ of the
profile vs chain length (main plot) and surface coverage (inset).
The results in both plots are for T ) 20 °C (upper line) and 40
°C (lower line).

âUp(z) ) ∞ , z e σ/2

âUp(z) ) -c/z, z > σ/2 (13)

〈z〉 )
2 ∫zφ(z) dz

∫φ(z) dz
(14)
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above the demixing temperature, the solution phase
separates into a polymer rich phase and a solvent rich
phase. Thus, we expect the dimensions of the tethered
PNIPAM chains to decrease with increasing tempera-
ture with a sharp transition occurring at an intermedi-
ate temperature. Along this line of reasoning, we also
expect the transition for the tethered PNIPAM to be a
function of surface coverage analogous to the concentra-
tion dependence of the demixing temperature of the bulk
polymer solution shown in Figure 1.

The SCF theory was used to calculate φ(z) over a
range of temperatures (10-35 °C) for chains with N )
100 and FAσ2 ) 0.07. As presented in Figure 6, φ(z) at
the lowest temperature indicates that the polymer
extends into the solvent. From 10 to 22 °C, the chains
are seen to contract gradually with decreasing solvent
quality. There is a dramatic change in the profile when
going from 22 to 24 °C, presumably driven by the LCST
of the bulk solution. At temperatures of 24 °C and
greater, the profiles are steplike. In the high-tempera-
ture regime, the maximum in φ(z) unexpectedly de-
creases gradually and the profiles broaden with increas-
ing temperature.

The corresponding first moments of the volume frac-
tion profiles from Figure 6 are presented as a function
of temperature in Figure 7a for various chain lengths
and Figure 7b for a range of surface coverage. We
arbitrarily define the “transition” temperature as the
temperature where 〈z〉 exhibits the greatest magnitude
in slope. At low temperatures below the transition, the
SCF theory indicates that 〈z〉 decreases gradually with
increasing temperature due to the decreasing solvent
quality. Interestingly, in some cases a minimum is
observed immediately above the transition and 〈z〉
increases gradually with increasing temperature. Thus,
the temperature dependence of the thickness can be
nonmonotonic and of opposite sign below and above the
transition. This can be attributed to the concentration
dependence of ø, depicted in the inset of Figure 1 based
on the parameters of Afroze et al.46 given in Table 1.
As mentioned earlier, ø has opposite temperature
dependence at low and high concentration. At low φ, ø
at 40 °C is greater than ø at 20 °C, i.e., the solvent
becomes poorer with increasing temperature. However,
at high φ (>0.53), the reverse is true: the solvent
becomes better with increasing temperature. Below the
transition the chains extend into the solvent and the
average concentration 〈φ〉 within a brush is small. Hence
ø increases and 〈z〉 decreases with temperature. Con-

versely, above the transition the chains are more
compact and the average concentration within a layer
increases. Although a detailed comparison was not
performed, the predictions shown in Figures 7 are in
qualitative agreement with experimentally determined
thicknesses 〈z〉 of tethered PNIPAM performed by Yim,
and co-workers.9 In both experiments and theory, the
change in 〈z〉 occurs over a broad temperature range,
with gradual changes at low temperature, and at high
temperatures 〈z〉 remains practically independent of
temperature.

The apparent transition calculated from our SCF
theory depends on chain length and surface coverage.
We observe from Figure 7a that the effect of increasing
N is to sharpen the transition. We also observe that at
lower N(25) 〈z〉 varies smoothly and continuously over
the entire temperature range and that the minimum
immediately after the transition is no longer present.
This supports our previous assertion about changes in
the solvent quality being a function of the polymer
concentration: the lower N films have lower volume
fraction thus ø may not be at high enough φ to cause
the solvent to become better with increasing tempera-
ture. Over the range of N we studied, increasing N is
seen to shift the transition temperature to lower values
by only a few degrees Celsius. It is known from experi-
ments of free PNIPAM in solution that molecular weight
has practically no effect on the demixing tempera-
ture46,60,61 in contrast to polymer concentration which
has an unambiguous effect as demonstrated in the
phase diagrams reported by several authors.46,62,63 SCF
theory predicts that surface coverage indeed has a

Figure 6. Polymer volume fraction profiles for N ) 100 and
FAσ2 ) 0.07 over a series of temperatures (10° to 35 °C) are
shown. The arrows point in direction of increasing temperature

Figure 7. (a) First moment of the polymer volume fraction
profile as a function of temperature where FAσ2 is held constant
at 0.07 and N is varied as indicated on the plot. (b) First
moment of the polymer volume fraction profiles as a function
of temperature where N is held fixed at 100 and the surface
coverage is varied as indicated on the plot.
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significant effect on the transition temperature as
shown in Figure 7b. Increasing FAσ2 from 0.001 to 0.07
with N held constant causes the transition temperatures
to shift to much lower values.

It is instructive to plot the results from Figures 7 as
a function of an effective monomer volume fraction φeff
within the tethered layer

Note that our definition of φeff is somewhat different
than our earlier definition of 〈φ〉 in eq 4 for the reference
system. Only for a step function profile are φeff and 〈φ〉
the same; in general they are not equal since 〈φ〉 depends
on the details of the profile. In Figure 8, we plotted
temperature vs the effective volume fraction of monomer
for a range of surface coverages. Starting at low tem-
perature, if we follow a constant surface coverage curve,
we find that φeff increases slightly with T as the layer
thickness 〈z〉 initially decreases. Upon further temper-
ature increase, we observe an abrupt increase in φeff
consistent with a first-order transition. Finally, at
sufficiently high surface coverage, we notice that φeff
decreases with temperature as the tethered layer thick-
ness increases as seen in Figure 7.

The dashed curves sketched in Figure 8 suggest a
coexistence regime for the tethered chain system analo-
gous to the bulk phase diagram in Figure 1 of the
aqueous PNIPAM solution. With this interpretation, we
see that the tethering constraint on the chains has the
effect of distorting the coexistence region that free
chains experience in bulk solution. Note that at the
lowest surface coverage of FAσ2 ) 0.001 no discontinuous
change in φeff is observed. Thus, one would expect an
upper critical solution temperature (UCST) to appear
between surface coverages of 0.001 and 0.01, even
though the experimental phase diagram shows only an
LCST in the temperature range 20-40 °C. At very high
surface coverages, we expect that the tethered chains
would be forced into completely extended configurations
at all temperatures due to steric constraints. Although
it is not apparent from Figure 8, these considerations
suggest that at very high φeff, the coexistence region of
the tethered system would close off and exhibit an
LCST. Thus, we speculate that the effective phase

diagram of the tethered chain system would be of the
closed loop type.

In applications of grafted PNIPAM surfaces, one is
frequently interested in the relative change in the layer
thickness when the temperature is switched between
fixed low and high temperatures. To illustrate this, in
Figure 9, we plotted our SCF predictions of the ratio of
layer thicknesses at T ) 20 and 40 °C as a function of
the surface coverage. It can be seen that the relative
magnitude of the effect is nonmonotonic and is maxi-
mized at an intermediate value of the surface coverage.
Furthermore, the surface coverage corresponding to the
maximum effect shifts to lower values as the chain
length is increased.

IV. Conclusions
Tethered PNIPAM chains were studied with a self-

consistent field theory derived from density functional
theory under the approximation that the field is local.
Information regarding the statistical mechanics of the
bulk polymer solution of PNIPAM in water was directly
inputted to the theory through the composition depend-
ent ø parameter determined experimentally by Afroze
et al.46 Below the LCST of the bulk solution, the
tethered PNIPAM chains were well solvated and the
composition profile extended into the water. Conversely,
above the LCST of the bulk solution, the tethered
PNIPAM chains were localized near the surface in an
attempt to minimize contact with solvent molecules.

An apparent first-order change in layer thickness was
observed at a temperature depending on surface cover-
age and chain length. Unlike the previous mean field
calculations of Baulin and Halperin44 we found no
evidence of vertical phase separation within the tethered
layer. This is to be expected since in our SCF calcula-
tions the ø parameter does not vary with distance from
the wall, but is essentially averaged over the layer
thickness (see eq 4). On the basis of our results over a
limited range of surface coverage and chain length, we
find that the tethering constraint has the effect of
distorting the phase diagram of the uniform PNIPAM
solution. Moreover, we speculate that the phase coexist-
ence regime of the tehthered PNIPAM/water system is
closed, exhibiting both a UCST and LCST. As a conse-
quence, the relative magnitude of the layer collapse at
low and high temperature is nonmonotonic with a
maximum effect occurring at a surface coverage that

Figure 8. Temperature vs the effective monomer fraction φeff
at fixed chain length N ) 100 for a range of surface coverages
FAσ2 indicated in the plot. The dashed line is a sketch of the
apparent coexistence curve.

φeff )
πNFAσ3

6〈z〉
(15)

Figure 9. Ratio of first moments at 20 and 40 °C is plotted
vs the surface coverage FAσ2 for various chain lengths N
indicated.
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decreases with increasing chain length in qualitative
agreement with experiment.9
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