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ABSTRACT: Poly(N-isopropylacrylamide) (PNIPAM) is perhaps the most well-known member of the class of
responsive polymers. Free PNIPAM chains have a lower critical solution temperature (LCST) in water at about
30 °C. This very sharp transition (about 5°C) is attributed to alterations in the hydrogen-bonding interactions of
the amide groups. Grafted chains of PNIPAM have shown promise for creating responsive surfaces. Conformational
changes of the polymer are likely to play a role in some of these applications, in addition to changes in local
interactions. In this work we investigated the temperature-dependent conformational changes of grafted PNIPAM
chains in D2O over a range of surface density and molecular weight using neutron reflection. The surface density
was controlled using mixed self-assembled monolayers. The molecular weight was controlled using atom transfer
radical polymerization (ATRP). Grafted layers were synthesized on gold and also on silicon oxide. The largest
conformational changes were observed for intermediate grafting densities and high molecular weights. This is
explained by a competition between the well-known chain stretching effect of laterally interacting tethered chains
and the phenomenologicalø(φ) determined empirically for PNIPAM free chains in water. Comparison is made
with the recent numerical SCF calculations of Mendez et al.

Introduction

Poly(N-isopropylacrylamide) (PNIPAM) exhibits a lower
critical solution temperature (LCST) of∼30 °C in water that is
attributed to a shift in the distribution of the hydrophobic and
hydrogen-bonding interactions.1-4 Grafting PNIPAM to surfaces
is a promising strategy for creating responsive surfaces, since
the physical properties of PNIPAM are readily altered by
changing the temperature. PNIPAM in various forms has been
explored for a variety of applications.5-13 Some of these
applications depend primarily upon the shift in short-ranged
interactions, such as controlling the adsorption of bacteria13 and
tissue cells10,12 through changes in hydrophobicity. However,
some applications depend critically upon the magnitude of the
conformational changes that result from the shift in fundamental
interactions, such as separating molecules on the basis of size7,8

and controlling ligand binding to receptors.6 For applications
such as these, it is important to understand how to maximize
the conformational change.

Brushes formed of polymers tethered by one end to a surface
or an interface have been examined in great detail over the past
2 decades.14-18 Most of this work involved UCST systems
governed by van der Waals interactions. For such systems, the
effects of the surface density (σ) and molecular weight (M) on
brush properties have been examined in detail both theoretically
and experimentally. The distinctive feature is that for sufficiently
high σ that the chains overlap laterally the osmotic interaction
causes the chains to stretch normal to the surface until the
osmotic free energy is balanced by the entropic elastic free

energy. In the scaling limit, achieved for high values of reduced
surface densityσπRg

2, the brush heighth varies ash ∼ Mσ1/3.
The case of hydrogen-bonding polymers in water is more

complex. In addition to the effect of surface density on chain
crowding and subsequent stretching, an additional dependence
on surface density arises for polymers that have an LCST such
as poly(ethylene oxide) (PEO) and PNIPAM from the concen-
tration dependence of the effective Floryø parameter. For
PNIPAM this dependence was obtained recently in a study of
the phase behavior of free chains in solution.19 For hydrogen-
bonding polymers in water, the concentration dependence of
the effective Floryø parameter has been explained in terms of
various two state models, in which the monomers interconvert
between two states depending upon the local concentration.20-24

The effects of this phenomenon on the structure and properties
of polymer brushes have been addressed in a number of
theoretical studies25-34 and also through simulations.35 The
Karlstrom model was used in numerical self-consistent-field
(SCF) calculations of the Scheutjens-Fleer type to describe the
aggregation behavior of PEO-PPO-PEO block copolymers in
water.27-29 The n-cluster model was used to calculate brush
structure using SCF theory26 and to calculate force profiles upon
compression of polymer brushes.30,31 A recent theoretical
analysis by Baulin and Halperin32 identified the surface density
as a critical parameter demarcating different regimes of behavior,
focusing on the existence of a vertical phase separation within
the brush at high surface density that had been proposed in
previous analyses.26,35They examined vertical phase separation
within PNIPAM brushes using a microscopic model based on

3420 Macromolecules2006,39, 3420-3426

10.1021/ma0520949 CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/08/2006

CDV



the Pincus approximation.32 This was followed by an analysis
based on an analytical SCF theory.33 More recently, Mendez et
al. studied the temperature-induced structural changes of
PNIPAM brushes as a function ofM and σ with a numerical
SCF.34 They found that the change in thickness of the layer
from 20 to 40°C is a nonmonotonic function of surface density
with a maximum that shifts to lower surface density as the chain
length increases. Temperature-induced conformational changes
in PNIPAM brushes have been studied by surface plasmon
resonance,36 atomic force microscopy (AFM),37,38 and hydro-
dynamic radius measurements.39-41 However, while much
experimental work has been reported regarding theM and σ
dependence of polymer brushes for UCST systems,18,42 little
data of that nature exist for LCST systems.43

We have been studying the temperature-dependent confor-
mational changes of PNIPAM grafted chains in water as a
function of surface density and molecular weight using neutron
reflection (NR). In our first report44 we investigated the
conformational changes of PNIPAM chains tethered at low
density to silicon oxide. The surface density ranged from 1×
10-4 to 2 × 10-4 chains/Å2. For these low surface density
brushes, the conformational changes in D2O were very subtle.
No coil-to-globule transition was observed. This contrasted with
a number of previous reports involving PNIPAM grafted layers
in which various effects were interpreted in terms of large
conformational changes.4,12,45,46

More recently, we reported the effect ofM on the confor-
mational change of PNIPAM chains grafted at highσ (5.4 ×
10-3 chains/Å2).47-49 Samples with differentM were grafted at
the same high surface density onto gold-coated silicon by atom
transfer radical polymerization (ATRP). A significant change
in the segment concentration profile was observed for all three
samples as the temperature passed through the LCST. Surpris-
ingly, the fractional change in the first moment of the segment
concentration profile (〈z〉) from 20 to 41°C was weaker with
increasingM. This result is contrary to the trend for good and
poor solvent conditions reported previously for systems involv-
ing only van der Waals (VDW) interactions.18 The trend
correlated with the bilayer character of the profile which also
increased at lowerM and will be discussed further below.

The present work emphasizes a range ofσ intermediate to
those in our previous reports. We find that the effect ofM is
particularly strong in this intermediate range ofσ and that the
magnitude of the conformational change with temperature at
high M is much greater than observed for samples with
comparableM at lower or higherσ. Samples with controlledM
were synthesized by ATRP from gold-coated silicon wafers and
also directly from silicon wafers. Surface density was controlled
using mixed self-assembled monolayers (SAMs). Synthesis of
PNIPAM from silicon oxide avoids the gold and chromium
sputtering steps and also simplifies the data analysis. However,
the packing density of the SAMs appears to be higher on gold.
We report the data below and compare the results with the
theoretical calculations of Mendez and co-workers.34

Experimental Section
Materials. 1-Dodecanethiol (DT), 11-mercapto-1-undecanol

(MU), 2-bromopropionyl bromide, 2-bromoisobutyryl bromide,
ethyl 2-bromoisobutyrate, CuBr, PMDETA (N,N,N′,N′,N′′-penta-
methyldiethylenetriamine), Me4cyclam (1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane),N-isopropylacrylamide (NIPAM), D2O
(99.9 atom %), anhydrous dimethylformamide (DMF), and anhy-
drous tetrahydrofuran (THF) were purchased from Aldrich Chemical
Co.50 Undecyltricholorsilane (UTS) was purchased from Gelest.
NIPAM was recrystallized from hexane; all other materials were
used as received.

Grafting PNIPAM from Gold. The detailed procedure for
synthesis of PNIPAM on gold is described elsewhere.36 Thin layers
of chromium (30 Å) and gold (110 Å) were sequentially sputtered
onto silicon wafers. The gold-coated wafers were cleaned by placing
them into a UV/ozone cleaner for 20 min and were then sub-
merged overnight in an ethanol solution containing a mixture of
1-dodecanethiol and 11-mercapto-1-undecanol. The composition
was adjusted to control the grafting density. After an ethanol rinse,
the monolayers were treated with 2-bromopropionyl bromide (0.1
M) in the presence of triethylamine (0.12 M) for 2-3 min to convert
to a bromo-terminated ester. The initiator-modified samples were
placed into a DMF solution containing the NIPAM monomer and
CuBr/Me4cyclam catalyst (0.2 M) and allowed to react for various
periods of time to obtain differentM values. The reaction was
carried out in a Vacuum Atmospheres glovebox purged with
nitrogen. The samples were rinsed with DMF and ethanol to
terminate the reaction and then cleaned with deionized water and
methanol to remove unbound polymer.

Grafting PNIPAM from Silicon Oxide. To graft PNIPAM
brushes directly from silicon oxide, an organosilane containing
2-bromo isobutyrate was used as the ATRP initiator. The synthetic
procedure for the initiator (11-(2-bromo-2-methylpropinonyloxy)-
undecyltrichlorosilane) is described in detail elsewhere.51 The silicon
wafers were cleaned with piranha solution and rinsed with water,
followed by drying in a stream of nitrogen. The cleaned wafers
were placed in a toluene solution containing a mixture of un-
decyltrichlorosilane and initiator, and the container was heated at
60 °C for 4 h. The silicon wafers were then removed, washed with
toluene and ethanol, and then dried in a stream of nitrogen. The
initiator-modified samples were then placed into an aqueous solution
containing NIPAM monomer and CuBr/PMDETA and allowed to
react for various periods of time.52 The reaction was carried out in
a glovebox purged with dry nitrogen gas. The samples were rinsed
with THF to terminate the reaction and then cleaned with deionized
water and methanol to remove unbound polymer.

Characterization of M and σ. To determineM for a particular
sample, free PNIPAM was polymerized in solution simultaneous
with a surface polymerization by addition of 0.4 mM methyl
2-bromoisobutyrate into the solution. Gel permeation chromatograhy
(GPC) analysis was performed at Polymer Source (Canada) using
polystyrene standards for calibration to obtain the weight-average
molecular weights and polydispersities of the bulk polymerized
material. DMF with 0.01 M LiBr (flow rate of 1 mL/min) was
used as eluent. Polydispersities were 2.1( 0.2. The use of
polystyrene standards for calibration is believed to lead to values
that are∼15% higher than actual.53 The weight-average molecular
weight for the surface polymerized sample was assumed to be the
same as that for the sample polymerized in bulk and measured by
GPC. Several studies in the literature in which both surface and
bulk polymerized samples were measured independently report that
the values are within 20%.54-57 Combining the uncertainties, we
expect that our reportedM values are accurate to within 25%. To
calculate the surface density, the dry film thickness and density of
each sample were measured by X-ray or neutron reflectivity. The
surface density was then calculated using the molecular weight
obtained by GPC for the corresponding bulk polymerized sample.
The uncertainty in surface density is estimated to be(25% as well.
We assumed that the surface density was constant for all polymer-
izations with the same surface concentration of initiator. The
characteristics of all samples are given in Table 1.

Instrumentation. The neutron reflectivity (NR) measurements
were performed on the NG7 reflectometer at the National Institute
of Standards and Technology (Gaithersburg, MD) at a fixed
wavelength of 4.75 Å. Reflectivity data from the protonated
PNIPAM layers in deuterated water were obtained using a liquid
cell over a range of temperature from 10 to 41°C. Neutron
reflectivity probes the scattering length density (SLD) profile normal
to the surface, which is determined by the density and atomic
composition. The SLD profiles were converted to volume fraction
profiles assuming additivity of volumes. The SLD profiles were
composed of a stack of slabs, where each slab was assigned an
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SLD, a thickness, and a roughness. The data were analyzed using
a small number of unconstrained layers (one or two) to represent
the grafted PNIPAM profile. The reflectivity was calculated from
the stack of slabs using the optical matrix method.58 Best-fit profiles
were determined by minimization of least squares. To constrain
the fits to the NR data for the samples grafted to gold, the
thicknesses and SLD values of the Cr, Au, silicon oxide, SAM,
and dry PNIPAM films were determined in separate experiments.
For the samples grafted to silicon oxide, the fits were constrained
by determining the thickness and SLD of the silicon oxide, SAM,
and dry PNIPAM films in separate experiments. X-ray reflectivity
(XR), which determines the electron density profile normal to the
surface,59 was performed at Sandia National Labs using an
instrument described previously60 and at the National Institute of
Standards and Technology using a reflectometer from Bruker with
a Gobel mirror to monochromate the beam and slits both before
and after the sample.

Results

NR data for 152G for a sequence of decreasing temperatures
after heating above the LCST are shown in Figure 1a. The data
are displayed as reflectivity× q4 to compensate for theq-4

decay due to the Fresnel law. The data are shifted on they-axis
for clarity. The reflectivity returned to that of the original curve
measured prior to heating (not shown) as the temperature was
lowered back to 20°C. The best-fit profiles are shown in Figure
1b. The profiles show that the PNIPAM chains expand
significantly upon cooling from 41 to 20°C. Regarding the
profile shape, good agreement with the data requires a bilayer
function in which a thin layer of higher density is included near
the substrate. This may suggest some segmental adsorption. The
segment volume fraction at the substrate surface at 20°C is
much lower for 152G (prepared using a solution with a 20/80
ratio by volume of MU to DT) than for our previous samples
synthesized on gold (prepared using a solution containing a 90/
10 ratio by volume of MU to DT), consistent with the
expectation of a much lower surface density for 152G. We note
that the variation in the profile shape with temperature is
continuous through the transition. This finding is contrary to
the results for high-M PNIPAM samples at high grafting density,
where the change in profile shape near the transition temperature
is nonmonotonic.61

Upon cooling, most of the conformational change occurred
between 32 and 27°C, as shown by the variation in the first
moment in Figure 2. The first moment of the segment
concentration profile increased from 100 to 400 Å with
decreasing temperature. This is the largest change of layer
thickness withT for any of our samples and is in contrast to
our previous studies, in which much more modest changes in
layer thickness were observed for PNIPAM chains at substan-

tially higher or lower grafting densities. The surface density of
152G is 0.000 63 chains/Å2, which is an order of magnitude

Table 1. Molecular Weights and Grafting Densities of PNIPAM
Samples

sample substrate mol wt, g/mol
grafting density,

chains/Å2

33G gold 33 000 0.00063
152G gold 152 000 0.00063
76S silicon 75 600 0.0021
230S silicon 230 000 0.0008
52S silicon 52 000 0.0008
71Ga,c gold 71 000 0.0054
44Ga gold 44 000 0.0054
13Ga gold 13 000 0.0054
33Sb silicon 33 000 0.00018
220Sb silicon 220 000 0.0001
209Sc silicon 209 000 0.0021

a Samples reported in ref 48.b Samples reported in ref 44.c Samples
reported in ref 61.

Figure 1. (a) Neutron reflectivity data from 152G for a series of
temperatures beginning at 41°C and cooling to 20°C in D2O. The
curves through the data correspond to best fits using model segment
concentration profiles shown in (b). (b) Best-fit concentration profiles.

Figure 2. Variation of the first moment of the segment concentration
profile with temperature upon cooling from 41°C for 152G.
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lower than that for the PNIPAM samples in one previous study48

and a factor of 6 greater than that for a comparable molecular
weight in another previous study.44 This comparison clearly
demonstrates that surface density is an important parameter that
affects the magnitude of the change in PNIPAM conformation
with temperature.

Figure 3 shows NR data for 33G at 20 and 41°C. This
PNIPAM layer was grown from a monolayer deposited from a
solution with a 20/80 ratio by volume of MU to DT as for 152G.
The lower molecular weight was achieved by allowing the
polymerization to proceed for a shorter period of time. Unlike
152G, no change in reflectivity was observed over this tem-
perature range. This result demonstrates that the temperature-
dependent conformational change is a strong function of
molecular weight for this intermediateσ.

Figure 4a shows NR data for 230S upon heating from 20 to
39 °C. For this sample, the PNIPAM chains were grafted using
a solution with a 8/92 ratio by volume of initiator to UTS. The
grafting density for this sample was 0.0008 chains/Å2, much
lower than that for 76S and 209S, which were grafted from a
surface prepared with a solution of initiator but no UTS. (We
note that the grafting density for 76S and 209S were only about
two-fifths of that for the PNIPAM samples on gold prepared
from a solution with a ratio of 90/10 by volume of MU to DT.
This indicates that the thiol-SAM packs more densely on gold
than does the trichlorosilane initiator on silicon oxide.) The
curves through the data correspond to the segment concentration
profiles shown in Figure 4b. The segment concentration near
the substrate at 20°C is much lower than that for 76S (not
shown), consistent with a much lower grafting density for this
sample. Bilayer profiles are again required to fit the data at both
20 and 39°C. However, the profile at 39°C is more distinctly
bilayer than the corresponding profile in Figure 1b. This was a
general trend for the samples synthesized on the two surfaces
and suggests that more segmental adsorption occurs for the
PNIPAM brushes synthesized on silicon oxide. This conclusion
is consistent with a lower packing density for the trichlorosilane
initiators on silicon oxide than for the thiol-SAMs on gold. The
first moment of the segment concentration profile is plotted as
a function of temperature in Figure 5. The first moment of the
profile decreased from 693 to 242 Å for 230S. This change is
slightly smaller and occurs over a broader temperature range

than that for 152G, but the change is again much larger than
for the samples at higher and lower surface density reported
previously.

The relative change of the first moment of the segment
concentration profiles at 20 and 40°C (〈z〉20/〈z〉40) for all our
samples including those reported previously is plotted as a
function of M andσ in Figure 6. The samples synthesized on

Figure 3. Neutron reflectivity data from 33G at 20 (open circle) and
41 °C (closed circle) in D2O.

Figure 4. (a) Neutron reflectivity data from 230S for a series of
temperatures from 20°C to 39°C in D2O. The curves through the data
correspond to the best-fit model segment concentration profiles shown
in (b). (b) Best-fit concentration profiles.

Figure 5. Variation of the first moment of the segment concentration
profile with temperature upon heating from 10 to 39°C for 230S.
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silicon oxide are denoted by open symbols, and the samples
synthesized on gold are denoted by filled symbols. Typical
uncertainty in 〈z〉 is (15% at 20 °C and (5% at 40 °C,
determined by parameter values that result in an increase inø2

by a factor of 1.3. Figure 6 shows that the conformational change
of a PNIPAM brush is strongly dependent on the grafting density
and molecular weight. PNIPAM brushes with intermediate
grafting densities and high molecular weights display the largest
conformational change with temperature.

Discussion

The general trends in the data shown in Figure 6 are in good
agreement with a numerical SCF calculation reported by Mendez
and co-workers.34 They found that〈z〉20°C/〈z〉40°C contains a
maximum at an intermediate value ofσ, consistent with our
data in Figure 6. They predicted that the maximum in〈z〉20°C/
〈z〉40°C increases withM and shifts to lowerσ asM increases.
Unfortunately, the present data are not sufficient to rigorously
test the latter prediction. For a rigorous test, grafted PNIPAM
samples with the same molecular weight would need to be
prepared over a wide range of grafting density, which is very
difficult to do. However, the present data confirm the general
trend of a maximum in〈z〉20°C/〈z〉40°C at intermediate coverage
and highM. Also, regarding the magnitude of〈z〉20°C/〈z〉40°C,
they reported values ranging up to 4 for their longest chain
length which contained 100 subunits, where a subunit is believed
to represent 7-10 monomers. We observed〈z〉20°C/〈z〉40°C ) 4
for 159S, which has 1350 monomers. A precise comparison is
precluded by that fact that the present data are too limited to
obtain the maximum〈z〉20°C/〈z〉40°C value as a function ofσ for
eachM. Also, the calculations are inherently 1-D and do not
account for in-plane variation in the poor solvent state. Modest
variation in in-plane structure with temperature occurs in our
samples as measured by AFM.

The general trends of the data in Figure 6 can be simply
understood by consideringø(φ) along with the well-known chain
stretching effect for densely grafted brushes in good solvent
conditions.ø(φ) obtained from the experimental phase diagram
for PNIPAM free chains in water as reported by Afroze and
co-workers19 is plotted in Figure 7. At our highest grafting
density, the averageφ within the layer is large (φ ) 0.60-0.75

at the substrate surface for 71G, 44G, and 13G48) and from
Figure 7 the difference inø at 20 and 40°C is relatively small.
This explains the weak change in layer thickness with temper-
ature for the PNIPAM samples at our highest grafting densities.
As the surface coverage decreases,φ within the brush decreases,
the solvent quality at 20°C improves, and the difference inø
at 20 and 40°C increases. This results in larger values of〈z〉20°C/
〈z〉40°C for the high-M samples at intermediate grafting density
as seen in Figure 6. The strong dependence of the conforma-
tional change onM at intermediateσ is due to the chain
stretching effect previously studied in detail in UCST systems.14-18

The amount of chain stretching has been shown empirically to
be determined largely by the value ofΣ ) σπRg

2.18 For fixed
σ, Σ increases with increasingM, leading to increased chain
stretching in good solvent conditions. Thus, the maximum in
〈z〉20°C/〈z〉40°C at intermediateσ appears to arise from a competi-
tion between the chain stretching effect which increases withσ
and M and the fact that the temperature dependence ofø(φ)
becomes weak at highσ. We note that a maximum in
〈z〉good solvent/〈z〉poor solventshould also occur as a function ofσ for
UCST systems because the conformational change with tem-
perature or solvent quality will become weak at very high
grafting density where the chains are close packed and have
little room to collpase. However, in that case the maximum
should be much weaker and occur at higherσ.

At 40 °C andφ < 0.7, the tethered system has passed well
into the two-phase coexistence regime for free PNIPAM chains,
and correspondingly the grafted chains have collapsed onto the
surface. For this reason the conformational change in the
PNIPAM system is much more pronounced than for a typical
UCST system over the same range of temperature.

In Figure 6, the PNIPAM layers at the lowestσ show very
little change with temperature. The surface density ranged from
1 × 10-4 to 2 × 10-4 chains/Å2, andΣ ranged from 2 to 9 for
these samples, assuming no segmental adsorption. The experi-
mental profiles reported previously44 indeed suggested strong
segmental adsorption, and in that caseΣ of the dangling chains
would have been lower than the above estimate. The low values
of Σ explain the lack of conformational change withT for these
low σ samples. For sufficiently lowσ, the calculations of
Mendez et al. show a very weak and almost linear decrease in
〈z〉 over a wide range ofT (from 10 to 50°C).

Figure 6. Ratio of the first moment of the segment concentration
profile at 20 and 40°C as a function of molecular weight and surface
density. Open (filled) symbols indicate samples grafted from silicon
oxide (gold).

Figure 7. Temperature-dependent effectiveø parameter at 20 and 40
°C from the data of Afroze et al.19
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While there is good qualitative agreement between our results
and the calculations of Mendez et al. with respect to the general
trend described above, some discrepancies exist. Mendez et al.
calculated the shift in the two-phase coexistence curve that
results from the tethering constraint. Their calculations predict
that coexistence occurs at lowerT for higher σ and that the
difference in the composition of the two coexisting phases is
greater with increasingσ. Thus, for tethered PNIPAM chains
at low to intermediateσ, they predict that the transition shifts
to lower T with increasingσ and becomes more pronounced.
The magnitude of the predicted shift is about 14°C for an
increase inσ of a factor of 3. Figure 2 shows that for 152G the
transition is well-defined and occurs at 29°C. For 230S, which
has slightly higher surface density, the transition occurs at 27.5
°C. While the trend for these samples with intermediate surface
density and highM is consistent with the prediction, at high
surface density and highM an entirely different phenomenon
occurs. As reported elsewhere,61 at high surface density and
high M the change in profile shape through the transition is
nonmonotonic. The form of the〈z〉 vs T plots is significantly
altered, and in the most extreme cases (71G and 209S) a
maximum in〈z〉 as a function ofT occurs near 30°C. We believe
this to be due to vertical phase transition within the brush,32,33

which is not predicted in the calculations of Mendez et al.
Another discrepancy is that the trend withM seen for 13G,

44G, and 71G at the highest grafting density on gold in Figure
6 does not follow the predictions of Mendez et al. The same
trend holds for the samples with the highest grafting density
on silicon oxide, 76S and 209S. In particular, the values of
〈z〉20°C/〈z〉40°C at lowerM in each series are larger than expected
in comparison with the other data. Elsewhere, we reported that
the higher values of〈z〉20/〈z〉40 at lowerM for the samples on
gold correlated with increased bilayer character in the profiles
at 20°C.48 The same result holds for 76S and 209S, although
209S also has substantial bilayer character, much more than
71G. We previously argued this may be due to lateral
heterogeneity within the lowM brushes at highσ.48 However,
the higher〈z〉20 and the increasing bilayer character of the 20
°C profiles with decreasingM for the highσ samples can also
be explained by vertical phase separation within the brush, if it
occurs at lowerT for lower M. As mentioned above, we
previously reported that the first moment of the profile increases
when vertical phase separation occurs.61 Thus, vertical phase
separation would be consistent with the anomalously high first
moment as well as the increased bilayer character of the profiles
at 20°C for the lowerM samples at highσ. However, we do
not understand why vertical phase separation results in an
increase in the first moment nor do we understand why this
phenomenon would occur at lowerT for lower M.

Conclusions
Some applications of grafted PNIPAM layers will depend

critically on the magnitude of chain conformational changes.
Therefore, it is important to understand how to manipulate the
conformational change to optimize the system for specific
applications. Neutron reflectivity was applied to study the
temperature-dependent conformational change of PNIPAM
chains grafted over a range of surface density and molecular
weight. Samples were synthesized on silicon oxide and also on
gold. Our study shows that the conformational change of the
grafted PNIPAM brushes varies greatly with molecular weight
and grafting density. The maximum conformational change was
observed for PNIPAM brushes with high molecular weight and
intermediate grafting density. This trend is in good agreement
with a self-consistent-field calculation of Mendez and co-

workers. Thus, this study provides new insight that can be used
to optimize PNIPAM brushes for applications that require large
conformational changes.
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