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We describe a microscope-based optical setup that allows us to perform space- and time-resolved
measurements of the spectral reflectance of transparent substrates coated with ultrathin films. This
technique is applied to investigate the behavior in water of thermosensitive polymer brushes made of
poly(N-isopropylacrylamide) grafted on glass. We show that spectral reflectance measurements yield
quantitative information about the conformation and axial structure of the brushes as a function of
temperature. We study how molecular parameters (grafting density, chain length) affect the hydra-
tion state of a brush, and provide one of the few experimental evidence for the occurrence of vertical
phase separation in the vicinity of the lower critical solution temperature of the polymer. The origin
of the hysteretic behavior of poly(N-isopropylacrylamide) brushes upon cycling the temperature is
also clarified. We thus demonstrate that our optical technique allows for in-depth characterization of
stimuli-responsive polymer layers, which is crucial for the rational design of smart polymer coatings
in actuation, gating or sensing applications.

I. INTRODUCTION

The use of polymer brushes for the design of advanced
functional substrates has gained a rapidly growing in-
terest over the past fifteen years [1, 2]. These ultrathin
films, composed of macromolecules tethered by one end
to a substrate, can be bound to a variety of surfaces with
tight control over the chemical composition of the macro-
molecules, their architecture, length and surface density
[3]. Particular attention has been paid to the elabora-
tion of brushes made of stimuli-responsive polymers, in
order to design surfaces whose properties can be altered
on demand via the control of an external parameter [4]
(pH, temperature, light, ionic strength...). Such smart
substrates exploit the fact that, upon application of the
external stimulus, the grafted macromolecules undergo a
change in conformation, which in turn affects the prop-
erties of the functionalized surface[5]. This has given rise
to a breadth of applications ranging from the reversible
switching of wetting, to the design of nanofluidic valves
or chemical gates[1, 4]. It has also fostered research fo-
cusing on the use of stimuli-responsive polymer brushes
to control the interactions between a surface and biolog-
ical objects[6, 7]. For instance, since the seminal work
of Okano et al. [8] that reported the controlled detach-
ment of mammalian cells cultured on thermo-responsive
polymer layers, smart polymer brushes have been used
in a number of biology-relevant applications [6, 7] such
as protein immobilization/release from surfaces[9], tissue
engineering[10] and selective chromatography[11].

These applications rely on the fact that adsorption of
proteins on a brush-grafted surface depends strongly on
the conformation of the tethered chains [12, 13], and can
thus be switched on or off through appropriate variations
of the external stimulus. In this context, the rational de-
sign of stimuli-responsive polymer brushes requires the
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central questions to be addressed, including how param-
eters of the brush (e.g. its grafting density) influence:
the conformation of the grafted chains, the overall struc-
ture of the brush, its response to the applied stimulus,
and in fine its usage properties for the target application
[14].

Among the number of polymers that have been cho-
sen or designed in the above-mentioned works, poly(N-
isopropylacrylamide) (PNIPAM) is one of the most
widely employed. It is a thermoresponsive polymer that
exhibits, in pure water, a Lower Critical Solution Tem-
perature (LCST) at about 32◦C[15]. Studies performed
on dilute solutions of PNIPAM in water show that, as
the solution temperature is increased across the LCST,
individual polymer chains switch from a well-solvated,
swollen coil configuration to a collapsed, globular con-
formation [15]. This reversible variation in solubility
and the associated change in chain dimension and hy-
drophilicity occurs at a LCST close to physiological tem-
peratures, making PNIPAM a choice polymer for surface
functionalization in biological applications.

So far, the conformation of PNIPAM brushes have
been investigated experimentally using well-established
techniques that are sensitive to the presence of thin
surface-bound layers:

(i) Surface Plasmon Resonance[16] (SPR)
(ii) Quartz-Crystal Microbalance[17–22] (QCM)
(iii) force measurement techniques such as the Sur-

face Forces Apparatus[23, 24] (SFA) or Atomic Force
Microscopy[21, 22, 25, 26] (AFM)

(iv) Neutron Reflectivity [27–29] (NR)
(v) in-situ Spectral Ellipsometry [30] (SE).
While SPR and QCM studies give access to the quali-

tative evolution of the brush refractive index or effective
mass with temperature, force measurements allow the
inference of the temperature-dependent brush swelling
from the range of steric repulsive forces measured, and
only NR or SE studies can give quantitative insights re-
garding the evolution of the axial structure of brushes,
i.e. of the monomer volume fraction as a function of the
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sub-micrometer distance from the grafted surface.
Brought together, the conclusions from these various

studies have led to the following qualitative picture:
(i) grafting density and chain length greatly affect the

magnitude of conformational change upon temperature
variations [24, 28],

(ii) the thermal response of a PNIPAM brush is ob-
served to be hysteretic during a heating/cooling cycle
[16, 19, 20], and

(iii) densely grafted brushes may collapse non-
homogeneously within their thickness and display a so-
called vertical phase separation around the bulk LCST
[29, 30].

All these phenomena may directly influence the perfor-
mances of a brush in a given application (the sharpness
of the “switch”, its efficiency, dynamics and reversibility)
and need to be accurately characterized. Moreover, point
(iii) above is theoretically predicted to be a direct result
of the bulk PNIPAM phase diagram in water (i.e. of the
system free energy of mixing), which is still a matter of
uncertainty despite years of research and data accumu-
lation [12].

Overall, there is still a clear need, in the field of stimuli-
responsive brushes, of experimental techniques that allow
combining the quantitative outputs of e.g. neutron re-
flectometry with the ease of access and implementation
of laboratory-scale setups, in order to quickly and effi-
ciently screen the effect of the molecular parameters of
a brush on its response. Additionally, a larger body of
data related to vertical phase separation and hysteresis
of PNIPAM brushes would allow clearer identification of
the mechanisms at play and opportunities to test theo-
retical predictions.

We address these two aspects in the present work. Us-
ing an original optical setup based on Reflection Interfer-
ence Contrast Microscopy (RICM), we measure over the
visible range the space- and time-resolved spectral re-
flectance of PNIPAM brushes elaborated by a “grafting-
from” procedure. From these spectra, we retrieve the
density profiles of the brushes and study their depen-
dence on temperature. We show that the studied brushes
do exhibit vertical phase separation, and investigate how
chain length and grafting density affect such a vertical
structuring, as well as the magnitude of hysteresis de-
tected during a heating-cooling cycle.

II. RESULTS AND DISCUSSION

To study the influence of the grafting density and chain
length on the thermal properties of PNIPAM brushes,
we have used a set of 12 brushes grown on glass surfaces
(see Supporting Information for details). Brushes were
elaborated with 3 different grafting densities, to which
we refer to as HD (high), MD (medium) and LD (low)
densities. HD brushes with 10 different chain lengths
were prepared. The characteristics of the brushes studied
are summarized in Table I.

TABLE I. Molecular parameters of PNIPAM brushes. (a)dry
thickness measured by ellipsometry. (b) swelling ratio deter-
mined from reflectivity spectra at 25◦C. (c)grafting density
estimated from Eq. 1, with ν = 1/2 and an average swelling
ratio of α = 3.1 for all HD brushes. MD and LD densities
estimated from their dry thicknesses compared to HD control
wafers. (d)number of monomer per chain estimated from Eq.
3. (e)ratio of the Flory radius and the estimated average dis-
tance between tethering points d = σ−1/2. This ratio, much
larger than 1 for all the samples, shows that our layers are all
in the brush regime.

Brush hdry
(a) α(b) σ(c) N (d) RF

d
(e)

# (nm) (nm−2)

HD1 200 2.8 0.3 3100 41

HD2 167 3.2 0.3 2580 36

HD3 138 3.4 0.3 2130 33

HD4 108 2.75 0.3 1670 28

HD5 90 3 0.3 1390 25

HD6 70 2.95 0.3 1080 22

HD7 62 3.2 0.3 960 20

HD8 22 3.4 0.3 340 11

HD9 17 2.8 0.3 260 9

HD10 13 3.2 0.3 200 8

MD 40 6.5 0.088 2150 18

LD 29 11 0.045 3100 16

A. Brush collapse and vertical phase separation

Our optical setup is described in details in the Ma-
terials and Method section. We provide in Fig. 1(a) a
set of reflectance spectra measured at different temper-
atures for one given brush (high grafting density sam-
ple HD4): both the magnitude and the wavelength-
dependence of the reflectance evolve with temperature,
and exhibit marked variations in the vicinity of the bulk
LCST of the polymer. By fitting these curves using a
simple model described in the Material and Method sec-
tion, density profiles as a function of the distance from
the grafted surface (φ(z)) can thus be extracted from
these spectra.

Below and around the LCST, we find that under
our modelling assumptions, reflectance curves cannot be
properly described by using φ(z) profiles having a simple
steplike shape or composed of a layer of uniform den-
sity and a single linear decay (see Fig. 7 and movie 1).
Instead, a satisfactory quantitative description of the re-
flectance curves could be reached when accounting for
more complex density profiles, as illustrated in Fig. 1(b).

At T = 25◦C, a decaying density profile composed es-
sentially of two linear gradients is able to capture the
main features of the spectra.

Upon increasing T from ambient up to about 33◦C,
the following features emerge in the profiles:

(i) a near-wall region of high and uniform density
builds up and extends away from the substrate,
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(a)

(b)

25°C
28°C
30°C
32°C
33.3°C
34°C
40°C

FIG. 1. (a), reflectance spectra from brush HD4 as a function
of temperature. Solid lines are the measured spectra, dashed
lines are the best fits obtained with the profiles displayed
in (b). Inset, swelling ratio as a function of temperature,
showing a marked transition around the LCST.

(ii) φ(z) adopts a shape indicative of a two-step decay,
with a dense inner region topped by a more dilute outer
one (such a shape is referred to as a “two-phase profile”
in the following),

(iii) the graded zone separating the dense and dilute
regions becomes thinner, and

(iv) the distance from the substrate at which φ drops
to zero, i.e. the brush height, is reduced (see Fig. 1(b),
inset).

At temperatures above 34◦C, we find that experimen-
tal data are equally well fitted using a “single-phase”
profile made of a uniform region of high density sur-
mounted by a single decaying zone, with an overall brush
height that approaches the dry thickness as temperature
is raised (see movie 1).

Finally, far above the LCST, at T = 40◦C, we find
that spectral reflectance curves can be fitted using a sim-
ple steplike density profile with a constant volume frac-
tion φ = 0.9 − 1 and a height comparable, to within
about 10%, with the dry thickness of the samples deter-
mined independently by ellipsometry. This shows that
well above the polymer LCST, PNIPAM brushes adopt
the expected dense and collapsed conformation.

Such qualitative features, and in particular the two
phases needed in order to properly describe the spectra
in the vicinity of the LCST, are found in the φ(z) pro-
files of all HD brushes with dry thicknesses hdry & 60
nm, as illustrated in Fig. S4 provided in Supporting In-
formation. This shows that the collapse of a brush occurs
non-uniformly over its thickness, and that such vertical
structuring is not affected by chain length for N & 1000.
For HD brushes of hdry . 20nm, reflectance curves are
well fitted, over the whole temperature range, by using
a single-phase profile whose extension decreases when T
is increased. We cannot discriminate, in the vicinity of
the LCST, between single- and two-phase profiles, which
yield equally good fits. This is due to the technique
reaching its sensitivity limit, as discussed in Supporting
Information. Therefore, we cannot conclude on whether
vertical structuring is affected by chain length for the
thinnest brushes investigated. However it is worth not-
ing that our technique still provides access to a quantita-
tive monitoring of the overall brush height as a function
of temperature, even for brushes with hdry as thin as 13
nm.

Importantly, the two-phase profiles obtained in
the vicinity of the LCST, consistent with those ex-
tracted from neutron reflectometry[29] or spectral
ellipsometry[30], represent one of the very few direct ex-
perimental evidence for the vertical structuring of PNI-
PAM brushes upon collapse. Its physical origin can be
traced back to the particular thermodynamic properties
of PNIPAM/water mixtures. From their experimental
study of the phase diagram of PNIPAM in solution in wa-
ter, Afroze et al.[31] have shown that the measured coex-
istence curve could be reproduced semi-quantitatively by
modifying the usual Flory-Huggins free energy of mixing
in order to account for a concentration dependence of the
interaction parameter, χeff (φ), which characterizes the
difference of interaction energies in the mixture. Such a
φ-dependence can be attributed to monomer/solvent hy-
drogen bonds[32]. It suggests that PNIPAM/water sys-
tems exhibit a so-called type II phase transition involv-
ing the coexistence of two phases having different but
finite polymer concentrations[31, 33]. As a consequence,
theoretical works on polymer brushes have shown that
χeff (φ) could lead to density profiles exhibiting a verti-
cal phase separation within the brush[34, 35].

We are therefore prompted, as proposed in previous
studies[29], to associate the two-phase density profiles ob-
served here with the vertical phase separation predicted
upon varying the solvent quality. In further support of
this, φ(z) profiles obtained for the LD and MD brushes
also point to vertical phase separation near the LCST
(see Fig. 2), and display shapes that are qualitatively in
good agreement with those computed from self-consistent
field (SCF) theory using the phenomenological free en-
ergy of mixing of Afroze[12]. Besides, we remark that
while vertical phase separation is clearly seen between 30
and 34◦C for the HD brushes, this range is reduced to
32-34◦C for the MD brush and to 33-34◦C for the LD one
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FIG. 2. Density profiles obtained from reflectance spectra
(not shown) as a function of temperature for: (a), the low-
density brush LD; and (b), the medium density brush MD.

(Fig. 2). This indicates that vertical phase separation is
affected by the grafting density, and suggests that it may
disappear for low enough grafting densities, which is fully
consistent with theoretical predictions[12, 35].

A closer comparison however reveals that, while SCF
theory predicts that vertical phase separation should be
observed, for brushes of high grafting densities, at tem-
peratures as low as 27◦C[12], we observe experimen-
tally that two-phase profiles are unambiguously found
at T & 30◦C only, as concluded from neutron reflectom-
etry studies[29]. This quantitative discrepancy is likely
to result from the fact that SCF theory uses the empiri-
cal form of χeff determined by Afroze[12, 31], which ac-
counts only semi-quantitatively for the PNIPAM/water
phase diagram. Such quantitative differences between
theory and experiments call for further studies of this
phase diagram in order to determine more accurately the
φ-dependence of χeff , or, alternatively, for the use of
data obtained on brushes, such as those presented here,
to deduce χeff (φ) from confrontation with theory.

Overall, the results presented in this section provide
strong support for vertical phase separation upon col-

lapse of PNIPAM brushes, with qualitative trends in ex-
cellent agreement with theoretical predictions.

B. Brush swelling at room temperature

We discuss here the density profiles of the brushes ob-
tained below the LCST, at T = 25◦C. Such profiles are
plotted in Fig. 3 for the brush of high grafting density
HD4 (see Table) and for the MD and LD brushes. For
the three brushes, the monomer volume fraction φ(z) ex-
hibits a piecewise linear decrease from a value φ0 at the
substrate (with φ0 being lower for smaller grafting den-
sity) to 0 at a distance that we call hswell in the following,
which corresponds to the height of the brush under good
solvent condition.

If we compute the swelling ratio, α = hswell/hdry, for
the various brushes, we observe that:

(i) α is consistently on the order of 3 for the HD
brushes, indicating that brush swelling is fairly insen-
sitive to chain length (see Table I),

(ii) α is larger for lower grafting densities, and in-
creases from 3 for HD brushes to 6.5 for the MD sam-
ple and 11 for the LD one. Such values of α for the
HD and MD brushes are in quantitative agreement with
those obtained from a previous Surface Forces Appara-
tus study performed on samples of comparable grafting
density [24].

Theoretical predictions for hswell [36, 37] allow us to
obtain the following expression for the swelling ratio of a
brush, as detailed in previous work[24]:

α =

(
1

a
√
σ

)3−1/ν

(1)

with σ the grafting density and a the monomer size.
The theoretical value of ν is 3/5 under good solvent
conditions, but has been shown to fall closer to 1/2
from experiments performed with brushes of high graft-
ing densities[24, 38]. From Eq. 1, one expects α to be
independent of N , and to be larger for lower σ, which
is fully consistent with our experimental observations.
More precisely, Eq. 1 predicts that a P -fold reduction of
σ induces a P (3−1/ν)/2-fold increase of the swelling ratio.
Starting from the average value of the swelling ratio for
the HD brushes, α ' 3.1, and using the two limit val-
ues of ν, we thus expect the swelling ratio of the MD
brush, which is 3.5 times less dense, to be in the range
5.8 − 7.1, while α for the LD brush, whose density is 7
times lower than the HD ones, should lie in the range
8.2−11.4. The measured values for the MD (α=6.5) and
LD (α=11) brushes are therefore in very good quantita-
tive agreement with the above scaling analysis.

Such an agreement prompts us to estimate the grafting
densities and chain lengths of our samples as follows: we
use Eq. 1 above, with ν = 1/2 and a ' 0.6 nm[39],
to compute σHD from α for the HD brushes. Using this
value of the grafting density along with the measured dry
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FIG. 3. Density profiles of PNIPAM brushes at 25◦C. Profiles
retrieved from spectral reflectance measurements are plotted
as solid lines for brushes HD4, MD and LD (see Table I),
along with calculated parabolic profiles corresponding to the
same total amount of monomer and the same density at the
grafting surface (dotted lines).

thicknesses of the HD brushes, the number of monomer
per chain, N , can be estimated from Eq. 3 (see Materials
and Methods). The grafting densities of the MD and LD
brushes are computed by dividing σHD respectively by
3.5 and 7, as suggested by ellipsometry measurements,
and chain lengths are subsequently estimated from Eq.
3. This procedure provides estimates of the molecular
parameters of the various brushes studied, as reported in
Table I.

The above discussion is complemented by analyzing
further the shapes of the density profiles presented in Fig.
3. The brush profiles clearly deviate from the expected
parabola predicted both by theory[40] and simulation[41]
under good solvent conditions. However, such predictions
correspond to brushes made of monodisperse chains, and
it has been shown by self-consistent field theory [40, 42]
that this parabolic shape is lost when chain polydisper-
sity is accounted for: the profile of a polydisperse brush,
starting at the same monomer density at the wall, is seen
to adopt a concave shape and to drop at φ = 0 fur-
ther away from the grafted surface. In order to draw
such a comparison for the profiles determined at room
temperature in this study, we have computed, for the
three grafting densities investigated, the parabolic pro-
files φ(z) = φ0(1 − (z/hswell)

2) satisfying the mass con-

servation constraint, namely
∫ hswell

0
φ(z)dz = hdry, and

starting at the same φ0 as that determined from fitting
the experimental data. Under such conditions, parabolic
profiles are entirely determined, without any free param-
eter. We thus see that, when compared to the monodis-
perse situation, the φ(z) profiles we extract from our re-
flectivity data display the features attributable to chain
polydispersity (Fig. 3). In particular, we observe that

the brushes swell more than predicted for monodisperse
chains, by about 50-60% for the three grafting densities

(hpolyswell/h
mono
swell ' 1.5 − 1.6). The magnitude of such a

polydispersity-induced overswelling is theoretically pre-
dicted to depend on the polydispersity index[42], defined
as the ratio of the weight- to the number-averaged molar
mass of the chains, Mw/Mn. Therefore, we conclude that
our brushes are polydisperse, but possess consistent poly-
dispersity indices from batch to batch, as indicated by the
fact that brushes of various σ display the same amount
of overswelling. If we use the theoretical results of de Vos

and Leermakers [42], who have computed hpolyswell/h
mono
swell as

a function of Mw/Mn, we find that an overswelling of 50-
60% is predicted to correspond to Mw/Mn ' 1.25− 1.3,
which provides us with a value of the polydispersity in-
dex for our samples that is consistent with that reported
for long PNIPAM chains grown using the same radical
polymerization technique[43].

It is important to remark that, since measured swelling
ratios are larger than for monodisperse brushes of the
same grafting density and chain length, our use of Eq. 1
above leads us to underestimate σ by a factor of about
2–2.5, and in turn to overestimate N by the same factor.

To close this section, we note that, while brushes elab-
orated by the grafting-from technique are increasingly
used in a variety of applications, their characterization
in terms of grafting density and molecular weight is still
a challenging task[3]. The most reliable technique con-
sists of degrafting the tethered chains from the surface
and subsequently analyzing their size and distribution by
chromatography[44]. This, however, requires the collect-
ing of a large enough amount of polymer in order to per-
form an accurate solution characterization, and is there-
fore better suited for brushes grafted on samples having
large surfaces rather than on flat substrates. Alterna-
tively, polymerization is commonly performed, in paral-
lel with brush growth, using free initiator in solution[38].
This strategy allows characterization of the free chains,
and assumes that polymerization in the bulk and from
the surface obey the same kinetics. However, such an as-
sumption has been shown to break down due to surface-
induced crowding[45] and termination effects[46]. An-
other technique consists of evaluating the grafting density
using a surface sensitive technique, such as X-ray photo-
electron spectroscopy in order to determine the surface
coverage of polymerization initiator, but relies on an as-
sumption regarding the fraction of initiator that actually
leads to chain growth[47]. The various means for deter-
mining the molecular parameters of grafted-from brushes
thus present limitations in terms of ease of use or quanti-
tative reliability. In this context, the analysis we propose
here comes as an interesting alternative for brush char-
acterization, as it permits evaluating, directly from the
data of interest, in situ, non destructively and without
the need for additional bulk solution measurements, not
only σ and N , but also Mw/Mn and the errors associated
with the assumptions on which the analysis relies.
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C. Hysteresis

For most of the brushes studied here, there is a range
of temperature around the LCST, typically between 31
and 34◦C, in which we observe a clear difference in the
reflectivity spectra measured at the same temperature
upon heating and cooling. This hysteretic response is il-
lustrated in Fig. 4(a), showing, for the MD brush, the
reflectivity measured at a wavelength of 600 nm during a
heating/cooling cycle. We have quantified the hysteresis
in two different ways: (i) from reflectivity vs temperature
curves, such as that shown in Fig. 4(a), we have com-
puted the shift in temperature, ∆T , required in order to
overlap the cooling curve with the heating curve in the
transition region, (ii) we have measured the difference
between the two temperatures at which the reflectivity
spectra upon heating and cooling are identical over the
full spectral range (this was done at three different ref-
erence temperatures in the range 31-34◦C). These two
methods yielded consistent values for the temperature
hysteresis ∆T .

In Fig. 4b ∆T is plotted as a function of the brush
dry thickness hdry, for all the brushes elaborated. The
series of HD brushes display the following trend: below a
threshold thickness of hdry ' 15 nm, no hysteresis is ob-
served, whereas thicker brushes exhibit a hysteresis that
increases from 0.3 up to 0.75◦C as hdry is increased. How-
ever, we observe that, on such a ∆T (hdry) plot, the re-
sults obtained for the MD and LD brushes lie well above
those obtained for the high density samples. From the
latter observation, we can conclude that the magnitude
of the hysteresis is not simply controlled by hdry, i.e. is
not merely a function of the amount of monomer bound
to the surface.

Now, if we plot the same data as a function of the
average number of monomers per chain (N , as deter-
mined previously from the swelling ratio) for each brush,
as shown in Fig. 4(c), we observe that the results for the
LD and MD samples are horizontally shifted and closely
follow the trend obeyed by those obtained for the HD
brushes: below a threshold chain length, no hysteresis is
observed, while above this threshold ∆T increases with
N , independently of the brush grafting density. Such a
collapse of the data thus indicates that the hysteresis ob-
served in one heating/cooling cycle is essentially governed
by the length of the grafted chains.

Hysteresis in the thermal response of PNIPAM brushes
has already been reported in several previous works using
SPR and QCM [16–20]. Two possible mechanisms have
been proposed to explain this phenomenon [17–20]: (i)
the formation, in the collapsed state above the LCST, of
inter-monomer hydrogen bonds that act as “crosslinks”
and must be disrupted upon reswelling of the chains, as
suggested by experiments performed on PNIPAM chains
in solution[48], and (ii) the presence of entanglements
that create transient topological constraints that limit
the extent of chain swelling, thus delaying the swelling ki-
netics as the temperature is decreased across the LCST.

FIG. 4. Hysteresis in the thermal conformational change
of PNIPAM brushes. (a), example of reflection profile at
λ = 600nm upon heating (red) and subsequent cooling (blue)
for the medium density brush MD, illustrating the shift in
transition temperature depending on the thermal history of
the brush. Hysteresis amplitude ∆T is plotted for the brushes
listed in Table I as function of (b), their dry thickness hdry;
and (c), the chain length. Error bars in (b) and (c) are es-
timated for the dispersion of the measured values of ∆T at
different temperatures and different wavelengths.

The first mechanism attributes hysteresis to the differ-
ence in energy barrier between the collapse and swelling
processes, while the second one is rather a kinetic sce-
nario in which the hysteresis is mainly governed by the
time scale required to relax the topological constraints
due to entanglements compared to the time scale at which
the temperature is decreased. Both mechanisms have



7

been proposed on a qualitative basis, and no systematic
studies of hysteresis as a function of brush parameters
have yet allowed discrimination between the two.

The results presented here provide new insights into
the origin of the observed hysteresis. Indeed, if inter-
monomer H-bonds were entirely responsible for hystere-
sis, one would expect ∆T to be directly proportional
to the amount of monomers, hence to hdry, with ∆T
smoothly vanishing to zero as hdry tends to zero, in con-
trast to the threshold observed in our data (Fig.4 (b)).
Moreover, such a mechanism cannot account for the fact
that, at a given hdry, i.e. for the same amount of
monomers, hysteresis is larger for brushes of lower graft-
ing densities.

On the other hand, the second mechanism, which pro-
poses entanglements as the main source of hysteresis
is fully consistent with our results: entanglements can
form only when polymer chains are longer than a criti-
cal length (or, equivalently, have a molecular mass larger
than the critical mass for entanglement, Mc). Such a
critical length accounts for the observed threshold in the
∆T (N) curve shown in Fig. 4(c). More precisely, we find
the threshold to be around Nc=300 monomers/chain.
Taking into consideration the above discussion regard-
ing our estimates for N , that can be too large by a factor
of 2, let us consider conservatively that Nc is in the range
150–300. This translates into a critical mass Mc = NcM0

in the range 17–34 kg.mol−1, which covers the reported
value of PNIPAM entanglement mass of 23 kg.mol−1 [49].

Moreover, increasing the density of entanglements in
a semi-dilute solution of linear chains is known to slow
down their relaxation [50]. In a similar way, one therefore
expects that a higher density of entanglements within a
brush will delay further its reswelling, thus yielding a
larger apparent hysteresis at a given rate of temperature
change. This is in agreement with our results showing
that ∆T is larger for longer macromolecules, for which
the number of entanglements per chain increases.

We further validate this picture by comparing the life-
time of entanglements with the time scale of tempera-
ture change in our experiments. The order of magni-
tude of the latter, τexp, is given by the time it takes to
change the temperature by about 1◦C around the transi-
tion. With the rate of temperature decrease being fixed
to approximately 0.15◦C.min−1 in all our experiments,
this yields τexp ∼ 400 s. The lifetime of entanglements,
on the other hand, depends on the relaxation mechanism
by which constraints are released. In contrast with free
linear chains in a solution or a melt, which can reptate
in order to relax topological constraints, chains inside
a polymer brush are bound by one end to a substrate.
This implies that the only process by which a tethered
chain can relax entanglements and explore its environ-
ment over lengthscales on the order of its size is the
so-called arm-retraction mechanism. Such a mechanism,
known to govern the dynamics of star or branched poly-
mers [51], describes the fact that a chain having one end
fixed in space can escape the “tube” formed by entangle-

ments and neighboring chains solely by retracting part
or all of its length along this tube. This is associated to
a large entropic penalty and a low probability of occur-
rence, such that the relaxation time of a tethered chain
grows exponentially with the number of entanglements
per chain [51–53]:

τarm(s) ' τ0N2 exp
(
µs2N/Ne

)
(2)

where τarm(s) is the time to retract a chain made of N
units by a fraction s (0 < s < 1) along the tube length,
Ne ∼ Mc/(2M0) ∼ 100 is the number of monomers be-
tween entanglements[54], the constant µ ∼ 15/8, and the
pre-exponential time τ0N

2 is the Rouse time of the equiv-
alent “free” chain [52, 53]. From the work of Yuan et al.
[50], we can estimate the Rouse time of PNIPAM chains
of length N ' 1800 units in solution in water at 25◦C to
be on the order of 6× 10−3 s.

Thus, it can be estimated that, for N = 1800, τarm(s)
is comparable to or larger than τexp ∼ 400 s for any
s & 0.55, and reaches up to 1012 s for full chain retraction
(s = 1). This is to be taken as an order of magnitude es-
timate only, as the value of µ or the exact pre-exponential
factor are not firmly established[53, 55] (for instance, we
have used a Rouse time determined at room tempera-
ture, whereas this pre-exponential time might actually be
much larger since the chain dynamics above the LCST,
in poor solvent, is expected to be significantly slower).
However, this allows us to draw the following conclusions:

(i) entanglements relaxed by arm-retraction can indeed
have a lifetime that is comparable to the experimental
time scale,

(ii) the observed hysteresis thus most likely results
from the contribution of those topological constraints
that are relaxed by sub-chain rearrangements at the
proper lengthscale (i.e. involving s such that τarm(s) ∼
τexp).

Overall, our results and their above analysis strongly
support the fact that the hysteretic response of the PNI-
PAM brushes reported here has essentially a kinetic ori-
gin, and results from long-lived entanglements that delay
swelling, as proposed theoretically in the description of
the swelling dynamics of collapsed globules[56].

We conclude this section by coming back to the verti-
cal structure exhibited by the brushes in the transition
region. We have shown in the previous section that, upon
heating across the LCST, brushes display a non-uniform
density profile and exhibit a dense phase close the grafted
substrate, surmounted by a more dilute layer. Analysis
of the reflectivity spectra measured during cooling leads
to similar non-uniform density profiles, as illustrated in
Fig. 5 for the MD brush. However, when comparing the
profiles extracted from a fit of the spectra measured at
the same temperature, in the hysteresis region, we ob-
serve that a brush displays, when cooled, a denser inner
region and a less extended outer layer than when heated.
This is in good agreement with the above picture de-
scribing hindered swelling of the brushes upon cooling.
Moreover, this provides, to the best of our knowledge,
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FIG. 5. (a) spectral reflectance and (b) extracted density
profile of the medium density brush at 33◦C upon heating
and cooling.

the first direct experimental evidence that a brush can
exhibit two different non-uniform structures when cross-
ing the LCST from the swollen and from the collapsed
state, in agreement with qualitative pictures proposed in
previous works on brushes[20] or globules[48].

III. CONCLUSIONS

We have shown that spectral reflectance measurements
performed over the visible spectrum provide detailed in-
formation regarding the thickness, density and vertical
structure of thin organic layers such as polymer brushes
immersed in a solvent. Therefore, this technique offers an
interesting alternative to Neutron Reflectivity or Spectral
Ellipsometry, since it allows fast and in-depth character-
ization of brushes. Moreover, it presents several other
advantages, which make it versatile and powerful:

(i) the setup is based on a microscope, enabling easy
combination with other imaging techniques. It also
allows for spatially-resolved reflectance measurements,
which opens the way to mapping of thin film hetero-
geneities.

(ii) optical reflectance measurements are performed on
glass substrates, whereas NR or SE typically require sili-
con wafers. In the context of smart substrates for biology
applications, which need to be transparent in order to be
compatible with usual microscopy techniques, this per-
mits working directly with the samples of interest for the
target application, for a priori and in situ characteriza-
tion before use.

We have applied this technique to study the effect of
molecular parameters on the thermal response of brushes
made of PNIPAM, which are ubiquitous smart coatings
used in sensing, switching or actuating applications. Our
results provide an unprecedented support to recent the-
oretical predictions regarding the occurrence of vertical
phase separation in PNIPAM brushes in water, and shed
light on the physical mechanism underlying the hysteretic
response of such brushes upon cycling in temperature.
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V. SUPPORTING INFORMATION

Brush synthesis, curve fitting procedure, resolution
limit of setup, supplementary results on HD brushes.
Figures S1-S4. Supplementary movie.

VI. MATERIALS AND METHODS

A. Synthesis and characterization of brushes

The series of 12 brushes, whose characteristics are pro-
vided in Table I, was prepared by surface-initiated Atom
Transfer Radical Polymerization, as described in SI.

Brushes were grafted in parallel (same reaction batch)
on a glass coverslip, used for reflectivity measurements,
and on a piece of Si wafer, which we used for the de-
termination of the dry brush thickness by ellipsometry.
Ellipsometry measurements were performed on a rotating
quarterwave plate home-built instrument working at 70◦

incidence angle and 632 nm wavelength. Data analysis
was done assuming a multilayer model including a silicon
substrate, a silicon oxide layer (thickness of 2 nm and
refractive index 1.46), and an outermost polymer layer
of refractive index 1.46 and thickness to be determined.
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Each sample was measured at 3-5 different spots on its
surface, yielding consistent values of the brush thickness
to within ±1 nm.

For the low and medium density (LD and MD) sam-
ples, PNIPAM polymerization was performed in parallel
on a coverslip and a wafer with the same initiator den-
sity, as well as on a control wafer of maximum density
(HD). The dry thickness of a brush (hdry), as determined
by ellipsometry, is related to the grafting density (σ), the
number of monomer per chain (N) and the monomer vol-
ume (a3) by:

hdry
σ

= Na3 (3)

Samples of different σ grown under the same polymer-
ization conditions should exhibit a similar N , and dif-
ferences in hdry observed between the lower density sub-
strate and the maximum density control mostly reflect
the variations of σ. Namely, the MD brush was measured
to have a dry thickness of hmeddry = 40 nm, while the full

density sample had a thickness of hHDdry = 140 nm, and

the LD brush displayed hlowdry = 29 nm, for hHDdry = 200
nm. We thus conclude that the MD brush is 3.5 times
less dense than the HD, while the LD brush exhibits an
almost 7-fold decrease in grafting density.

1. Pre-measurement protocol

Before use, the brush-grafted substrates were left to
soak in ultrapure water at room temperature overnight
to remove any weakly physisorbed polymer from the sur-
faces. The samples were then dried, and the brush dry
thickness re-measured by ellipsometry (typically, brushes
were found to exhibit a small decrease in thickness, be-
tween 1 nm for the thinnest ones and 3-5 nm for the
thickest. Values reported in Table I correspond to this
post-soaking measurements).

The brush-bearing glass coverslips were then mechan-
ically scratched with a blunt steel blade to remove the
brush from the surface over a narrow region (a few tens of
micrometers in width) along the coverslip diameter. This
provided a glass/water interface devoid of brush that we
used as a reflectivity reference, as explained in the next
section.

Coverslips were then carefully rinsed with water, dried,
and mounted on a custom-built holder designed as a liq-
uid cell. A mica sheet of 20-25µm thickness was glued
to the bottom of the coverslip using UV-curing optical
glue (see next section). The cell was filled with ultrapure
water, sealed, and put at 4◦C for two hours in order to
“reset” the thermal history of the brushes. Afterwards,
the holder was installed on the microscope stage, and
allowed to come back to room temperature before data
acquisition.

FIG. 6. (a), schematic view of the RICM microscope used for
spectral reflectance measurements. QWP, quarter waveplate.
(b), schematic view of a sample image showing the position
of the slit (in orange in (a)) on the image. (c), chromati-
cally dispersed image of the slit in (b), recorded on the CCD.
(d), profile along the dotted white line in (c) showing the
quantities extracted on the images to calculate the spectral
reflectance.

B. Reflectance measurements

1. Experimental setup

A scheme of our microscope is shown on Fig. 6. Briefly,
a plasma light source (Thorlabs) emitting a continuous
spectrum in the range 400-800nm was linearly polar-
ized and coupled to the microscope using a polarising
beamsplitter cube (Thorlabs). The illumination numer-
ical aperture (INA) was set to 0.15 using a calibrated
aperture diaphragm. The reflected light was detected
through the beamsplitter cube and a crossed polarizer.

In typical RICM systems, imaging is achieved using an
Antiflex objective (Zeiss, 63X, 1.3NA) that upon dou-
ble pass induces a 90◦ rotation of the polarisation[57].
Here we introduce an alternative method for collecting
reflected signals through cross polarisers: by gluing a
mica sheet of controlled thickness to the bottom of the
sample, we achieve polarisation control without using a
specifically designed objective. In the following exper-
iments, thicknesses of 20-25µm were used, correspond-
ing to a quarter-wave-plate in the 450nm range. This
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approach allows the use of objectives of any magnifica-
tion, immersion medium and numerical aperture. Here, a
20X, 0.75NA super apochromat air objective (UPLSAPO
20X, Olympus) was used to image the sample without
thermal coupling through the immersion medium. The
reduced chromatic aberrations ensure good imaging qual-
ity throughout the visible spectrum.

A home-built spectrometer was coupled to the output
port of the microscope for spectral reflectance measure-
ments: a variable slit placed at the imaging plane was
used to control the spectral resolution and was imaged
using achromatic lenses onto a CCD camera after reflec-
tion on a diffraction grating (all Thorlabs). A spectral
image of a line in the sample was thus obtained on the
camera (Fig. 6c).

Finally, an autofocus device coupled to the axial mo-
torisation of the microscope (ASI) allowed long-term data
acquisition during temperature changes without losing
the focus. Because this device is based on the use of a
785nm diode, however, spectral acquisition of the data
was limited to up to 750nm in wavelength.

Temperature control was achieved using a ther-
mostated box (Digital Pixel) enclosing most of the mi-
croscope. Such an arrangement led to slow temperature
variations during heating (0.3◦C/min) and cool down
(0.15◦C/min) and ensured that thermal gradients in the
sample were reduced to a minimum during the exper-
iment, thereby allowing unbiaised measurements of the
brush temperature.

Furthermore, temperature measurement was per-
formed as close as possible to the imaged region of the
brush. This was done by using a miniature type-K ther-
mocouple encased within the liquid cell holder, with the
sensing region resting on the brush-grafted surface. A
digital multimeter (Agilent 34970A) was used, in con-
junction with a second sensor measuring the reference
temperature of the thermocouple cold junction, in or-
der to monitor the temperature of the sample with an
absolute accuracy of ∼0.1◦C and a resolution of about
0.01◦C.

A custom-written software (LabView) was used to syn-
chronize illumination of the sample and image acquisition
with temperature measurements at fixed temperature in-
tervals of 0.05◦C.

2. Spectral reflectance measurements

Spectral reflectance at near normal incidence is a well-
established technique for in situ characterisation of thin
metallic[58] or polymer[59] films. Here we expand this
method by performing spectral reflectance measurements
with a microscope: we thus obtain a diffraction-limited
lateral resolution instead of an averaged measurement on
a surface, opening the way to sub-micron mapping of thin
layer heterogeneities.

In order to measure absolute spectral reflectances, the
sample was placed on the microscope such that the

scratch on the brush was located in the middle of the
field of view, so that it appeared as a line in the spectral
dimension on the CCD. In addition, the field diaphragm
of the microscope was partially closed so that its edges
were visible on the CCD as dark regions on either sides
of the image (Fig. 6). In this configuration, we could
simultaneously measure on the same image a “dark” ref-
erence (using the field diaphragm image) and a “bright”
reference (using the bare region in the scratch).

Each measurement was typically performed using an
exposure time of 0.5-1s, limited by the signal intensity
due to the small value of the reflectance of thin polymer
brushes.

C. Data analysis

1. Image processing

Image processing was achieved using home-written Im-
ageJ macros. The reflectivity of the brush covered glass
was calculated with respect to that of the bare glass in
water. Using both a “dark” and a “bright” reference
allows light source fluctuations and background noise
caused by spurious reflections (top surface of the sam-
ple holder, mica/glass interface, etc.) to be accounted
for. In practice, two values can be extracted from the
RICM image for each wavelength: δ1 = Ibrush − Iblack,
and δ2 = Ibright − Ibrush (Fig. 6d). These quanti-
ties were calculated for each wavelength and tempera-
ture point, resulting in 2D temperature-wavelength maps
(Fig. 7a). Noise was reduced by filtering these maps
with a 3x3 median kernel, and reflectance of the sam-
ple relative to that of the bare glass/water interface was
subsequently computed as R(λ, t)/Rglass/water(λ, t) =
(Ibrush − Iblack)/(Ibright − Iblack) = δ1/(δ1 + δ2). Since
the refractive indices of glass and water are known, the
absolute reflectance of the sample is straightforwardly
obtained.

2. Spectral reflectance curve fitting

The 2D temperature-wavelength reflectance maps were
analyzed in two ways: first, the reflectance profile as
a function of temperature can be extracted for a given
wavelength, e.g. to analyze the hysteresis observed dur-
ing a warm up/cool down cycle. Conversely, computation
of the axial density profile of the brush is achieved by fit-
ting individual spectral reflectance curves. To this aim,
we introduce several simplifying hypothesis:

• Each reflecting layer in the sample has a small
reflection coefficient, so that the total reflection
can be approximated by the integral of reflections
of infinitesimal homogeneous axial slices. The re-
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FIG. 7. Extraction of the monomer density profiles from spec-
tral reflectance curves. (a), example of spectral reflectance
data obtained after processing of a warm-up/cool-down cy-
cle. (b), Schematic representation of the one-phase (left) and
two-phase (right) profile, showing the parameters used to de-
scribe each profile. Only parameters in black are independent
and used to fit the profile, while parameters in gray are de-
duced from the conservation of the total amount of monomer.
(c), example of fit around the LCST with a one-phase (dotted
blue lines) or a two-phase (red solid line) profile. Left, exper-
imental data (black dots) and best fits; right, corresponding
profiles. The spectrum was acquired on brush HD4 while
heating the sample.

flectance can then be written as:

R(λ) =

∣∣∣∣nglass − n(0)

nglass + n(0)
+∫ +∞

0

1

2n(z)

∂n

∂z
exp(

2π

λ

∫ z

0

n(z′)dz′)dz

∣∣∣∣2 (4)

where n(z) is the refractive index of the polymer
brush at axial position z within the brush, and
nglass is the refractive index of the glass coverslip
(BK7).

• The refractive index of the hydrated polymer varies
linearly with the monomer volume fraction φ(z) :
n(z) = nNIPAM ∗ φ(z) + nwater ∗ (1 − φ(z)). Val-
ues for the refractive indices of water [60], glass
[61] and PNIPAM [30] and their variation with the
wavelength were obtained from the literature.

• The density profile of the brush is modeled as a
series of segments, thereby reducing the number of
parameters to 6 for a two-layer profile, and 3 for
a one-layer profile, as described on Fig. 7. Such
a simplified model is adequate to compute the dif-
fuse reflectance of a continuous medium such as the
PNIPAM brush since the reflectance is mostly sen-
sitive to the refractive index of the sample and its
derivative, and only weakly to its second derivative
(see SI and Fig. S2). At the same time, it captures
the essential features of the axial density profile of
the sample.

• The total amount of polymer is conserved, which
reduces further the number of free parameters to 5
(resp. 2) for a two- (resp. one-) layer model.

Under these assumptions, an analytical equation for
the reflectance as a function of the 5 (3) parameters can
be derived, which allows direct fitting of the reflectance
curves with good accuracy. Fitting was performed using
Mathematica (see SI for details).
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SUPPLEMENTARY INFORMATION

Materials

N-isopropylacrylamide (NIPAM, 99%), 3-
Aminopropyltriethoxysilane (APTES, 99%), triethy-
lamine (TEA, 99.7% pure), copper (II) bromide (CuBr2,
99% extra pure), 1,1,7,7-pentamethyldiethylenetriamine
(PMDETA, 99%), 2-bromo-2-methylpropionyl bromide
(BMPB, 98% pure) and propionyl bromide (PB, 95%)
were purchased from Acros Organics. Ascorbic acid
(AA, 99%) was obtained from Sigma Aldrich. All
reagents were used as received except NIPAM, which
was recrystallized twice in n-hexane (Normapur, VWR)
and then dried before use. Absolute ethanol and
dichloromethane (DCM) were obtained from Fischer
Chemicals (Laboratory Grade). Ultrapure water (18.2
MΩ.cm) was obtained from a Millipore Synergy system.

Glass coverslips (N◦1 type, thickness ∼150 µm,
Thermo Scientific Menzel) of 20 mm diameter and sil-
icon wafers (2” diameter, 100 orientation, ACM France)
were used as the substrates. Si wafers were diced into 1
cm2 pieces before use.

Optical quality muscovite mica was obtained from JBG
Metafix (France) under the form of 10×10 cm2 and 0.1
mm-thick plates.

Preparation of the samples

FIG. 8. Scheme of surface functionalization protocol: starting
from a hydroxilated surface, APTES is grafted and derivitized
in order to obtain a layer of surface-bound ATRP initiators,
from which PNIPAM polymerization is performed.

Glass and silicon substrates were first thoroughly
rinsed with absolute ethanol and water, and blown dry
in a stream of nitrogen. They were then transferred to a

plasma cleaner (Femto, Diener Electronics Germany, op-
erated at 80W), where they were exposed for 6 minutes
to a plasma generated in water vapor, at a pressure of 0.4
mbar. Such a treatment has been shown to yield clean
and highly hydroxylated glass or oxide surfaces [24].

Substrates were then functionalized via a surface-
initiated Atom Transfer Radical Polymerization (ATRP)
procedure, following the protocol summarized in Fig. 8,
which was adapted from previous works [24, 43, 62].

Grafting of ATRP initiator

A volume of 50 mL of a solution of APTES in wa-
ter (cAPTES=8×10−3 M) was prepared and stirred for
two hours before use, in order to per-hydrolyze the
APTES ethoxysilane groups. The solution was then
passed through a 0.2 µm syringe filter in order to re-
move possible silane aggregates, and immediately used.
The plasma-cleaned substrates were immersed in this so-
lution for 1 minute, then rinsed copiously with water and
ethanol, and carefully dried in a nitrogen stream.

The -NH2 groups of the deposited APTES layer were
then derivatized as follows.

The maximum initiator density investigated in this
study was obtained by immersing the APTES-treated
surfaces for 1 minute in a solution of BMPB (0.25 mL)
and TEA (1.2 mL) in DCM (25 mL), followed by rinsing
in DCM, ethanol and water. This leads to the forma-
tion of a surface layer exposing C-Br bonds that serve as
initiators for the subsequent ATRP reaction.

Lower surface densities of initiator were obtained by
adding an intermediate step between the APTES and
the BMPB treatments, which consists of immersing the
APTES-coated substrates in a solution of PB (0.25 mL)
and TEA (1.2 mL) in DCM (25 mL) for a prescribed
time, rinsing in DCM/ethanol/water followed by dry-
ing. This resulted in the passivation of a fraction of the
amine groups with the methyl-terminated, non ATRP
active, PB molecule. The remaining -NH2 groups were
then functionalized as above. In the present work, we
have used two different immersion times for this inter-
mediate step, namely 1.5 and 6 minutes, in order to ob-
tain brushes displaying two significantly lower densities
as compared to the maximum density.

Brush growth

PNIPAM brushes were grown from the initiator-
grafted substrates using the recently established AR-
GET (activators regenerated by electron transfer) ATRP
technique[43, 63], that allows performing well-controlled
radical polymerization reactions in ambient air.

A solution of NIPAM (1.0 g) in ultrapure water (20mL)
was prepared in a beaker containing a small stir bar.
CuBr2 (3mg) and the complexing ligand PMDETA (40
µL) were sequentially added while stirring. The solution
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turned blue at this stage. Upon addition of ascorbic acid
(30mg), the solution became colorless, due to the reduc-
tion of Cu (II) into Cu (I). The solution was immediately
poured onto the initiator-grafted substrates placed into
petri dishes that were then closed during the polymer-
ization reaction. Polymerization was left to proceed for
a prescribed amount of time (typically between 2 min-
utes and 2 hours), after which the substrates were taken
out of the reaction solution and thoroughly rinsed with
water.

Curve fitting

Fitting of the spectral reflectance curves was per-
formed using the assumptions described in the material
and method section, which yields the following equations
for a two-phase profile:

R(λ) = |r0 + r1 + r2|2, (5)

with:

r0 =
nglass − n1
nglass + n1

(6)

r1 =
1

4
exp

[
4iπn1
λ

(h1 + d1
n2
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)

]
×
(
Ei(
−2iπd1n

2
2

(n1 − n2)λ
)− Ei(

−2iπd1n
2
1

(n1 − n2)λ
)

)
(7)

r2 =
1

4
exp

[
4iπ

λ
(n2(
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Φ2
) + n1h1 +

d2nwn2
2(n2 − nw)

)

]
×
(
Ei(
−2iπd2n

2
w

(n2 − nw)λ
)− Ei(

−2iπd2n
2
2

(n2 − nw)λ
)

)
(8)

where Ei is the exponential integral function, ∆n =
nNIPAM − nwater, nw = nwater, n1 = ∆n ∗ Φ1 + nw,
and n2 = ∆n ∗ Φ2 + nw . The five adjusted parame-
ters h1, Φ1, Φ2, d1 and d2 are shown on Fig. 7 (main
text), and hs is the dry thickness of the PNIPAM brush
measured by ellipsometry.

The formula for a single phase profile is straightfor-
wardly obtained by setting r2 = 0, Φ2 = 0 and h1 =
hs/Φ1.

Fitting was achieved iteratively, starting from the col-
lapsed (high temperature) spectrum for which initial val-
ues of the fit parameters can be derived from the brush
dry thickness. The robustness of the solution obtained
with this procedure was checked by using other initial
values and, in the case of a one-phase profile, by system-
atically exploring the parameter space to ensure that the
fit algorithm was not trapped in a local minimum.

Fitting of spectral reflectances with the above formula
relies on several assumptions, in particular:

• The reflection coefficients of each layer are small
enough to consider that the propagation of light
through the sample is not affected by the reflected
wave (Born approximation). We verified this point
by comparing reflectance values derived from Eq. 5
to the exact numerical calculation (see Fig. 9).

• Incident light is assumed to illuminate the sample
at a strictly normal incidence, whereas the illumi-
nation numerical aperture is in reality 0.15. For
each wavelength λ, integrating over the illumina-
tion cone is equivalent to integrating over a range of

wavelength [λ, λ/ cos θmax], where θmax is the max-
imum angle of incidence. Here 1/ cos θmax ≈ 1.01
so that the reflectance should be integrated over
5-10nm. In the case of thin brushes as investi-
gated here, the spectral variations of the reflectance
have a low frequency, typically of the order of
≈ λ/(4h1ns) ≈ 100nm (see e.g. Fig. 11). Integrat-
ing such curves over 5-10nm thus does not induce
significant changes.

• The density profile of the brushes is assumed to
be accurately described as a series of straight lines,
whereas real profiles certainly exhibit smoother fea-
tures. Spectral reflectance, however, is mostly sen-
sitive to the refractive index of the sample and its
first derivative, and only indirectly to its second-
order derivative (as evidence in Eq. 4 in the main
text). Indeed, comparison between the reflectance
calculated from smoother curves do not show sig-
nificant differences with our simplified model (see
Fig. 9).

Resolution limit

Because spectral reflectance measurement is a coherent
technique, resolution (or sensitivity to small changes in
the profile) cannot be defined absolutely. For example,
spectral reflectance is very sensitive to small changes in
thickness of the film, or to its density, when the film is a
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(a)

(b)

FIG. 9. (a), two one-phase profiles with identical amounts
of monomer, and differing by their smoothness, are used to
derive the spectral reflectance curves shown in (b) (black solid
line and red dashed line). The straight-line profile was also
used to calculate the exact reflectance without using the Born
approximation (black dotted line). The three curves do not
show any significant difference.

few tens of nanometer thick; very thin films (<5nm), on
the other hand, are challenging to detect.

In order to assess the resolution that can be achieved
for the reconstruction of the phase profile, we have in-
vestigated the sensitivity of this method to “wavelets”
of monomer density, as represented on Fig. 10: indeed,
when added to a density profile, such density modulation
does not induce any phase difference on the rest of the
profile, so that its contribution to the signal can be better
isolated and characterized. Furthermore, the difference
between a one-phase and a two-phase density profile can

roughly be expressed as a wavelet of this type.
This test density profile can be described fully by two

parameters : the amplitude of the refractive index varia-
tion, δn, and its extent, dz. We have plotted on Fig. 10
the reflectance of such profile as a function of these two
parameters at λ = 400nm: the reflectance roughly scales
as δn2 × dz4, and if we set the detection limit to about
0.1% of the reflectivity of a glass/water interface, the
minimal detected size of a wavelet of amplitude δn = 0.05
(or equivalently δΦ = 0.4) is dz ≈ 30nm. This is consis-
tent with the fact that for brushes of thickness smaller

dz4

δn=0.2

δn=0.01

dz

δn

FIG. 10. Resolution of the spectral reflectance measurements.
The reflectance induced by a refractive index wavelet (shown
as inset) is plotted as a function of its spatial extent and
amplitude. The curves collapse when divided by the squared
amplitude (inset).

than 60nm, we can equivalently fit the measured re-
flectance spectra with a one-phase and a two-phase pro-
file.

Phase separation around the LCST

On Fig. 11 we have plotted the spectral reflectance
and corresponding fits of 6 dense polymer brushes around
the LCST: despite minor variations between the different
profiles, the phase separation is consistently observed.
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(a)

62 nm
90 nm
108 nm
138 nm
167 nm
200 nm

(b)

FIG. 11. (a), reflectance spectra of brushes HD1, HD2, HD3,
HD4, HD5 and HD7 at 32◦C (solid lines) and fits (dashed
lines) with the two-phase profiles plotted in (b), showing a
consistent phase separation for all six thicknesses. Brushes of
smaller dry thicknesses do not appear on the figure as their
potential phase separation cannot be resolved using our setup.


