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The poly(N,N-diethylacrylamide) (h-PDEA) homopolymer and the poly(N-decylacrylamide)-b-PDEA
(PDcA11-b-PDEA231) diblock copolymer were studied in the range of 10 to 40 ◦C, at the air–water
interface. The π–A isotherms of h-PDEA appear nearly invariant with temperature while the π–A
isotherms of PDcA11-b-PDEA231 deviate significantly to lower areas with the temperature increase
evidencing the thermo-responsiveness of this diblock copolymer at the interface. For the copolymer,
the limiting area per segment versus temperature shows a break point around 29 ◦C, slightly lower
than the lower critical solution temperature (LCST) of h-PDEA in water (31–33 ◦C). AFM images of LB
monolayers transferred at 40 ◦C revealed for both polymers the presence of hydrophobic aggregates due
to the conformational changes (collapse) of chains that occur at the LCST. Differences in the morphology
of these aggregates, flat irregular structures for h-PDEA and round-shaped domains for PDcA11-b-PDEA231,
were related with the condensing effect of the hydrophobic block. The PDcA11 block, anchoring the
polymer to the interface, ensures a better stability and cohesion to the film and preserves the thermo-
sensitivity of the h-PDEA at the interface.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The interest in stimuli responsive polymers increased enor-
mously during the past years motivated by the potential ap-
plications of these materials [1]. Polymers can be prepared to
be responsive to different stimulus (temperature [2,3], pH [4,5],
ionic strength [6], light [7] and electric field [8]) but those re-
sponsive to temperature and pH in water are the most suitable
for biomedical applications [9]. It is well known that several N-
substituted poly(acrylamides) undergo an entropic driven tran-
sition from a well solvated coil to a globule by increasing the
temperature around the physiological temperature [10–18]. Never-
theless, other thermodynamically stable intermediates were found
between the two states showing that the polymer does not go
directly from a random coil to a globular state [19–21]. The coil-
to-globule transition induces polymer aggregation and phase sep-
aration. The lowest temperature at which phase separation occurs
in the concentration–temperature plot is the lower critical solu-
tion temperature (LCST). The LCST depends on the subtle balance
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between the polymer ability to form hydrogen bonds with water
through the amide groups and the hydrophobic interactions due
to the hydrocarbon backbone and the side-chain alkyl groups. At
temperatures below the LCST, a homogeneous solution of hydrated
polymer chains in a random coil conformation exists. By increasing
the temperature above the LCST, the amide–water hydrogen bonds
disrupt, the collapse of the chain into a globule occurs releasing
the bound and structured water. The LCST can be tuned by the in-
troduction of lateral chains or end groups with different lengths
and structure [22–25]. Generally, the incorporation of hydrophobic
comonomers leads to a lower LCST, while hydrophilic comonomers
increase the LCST [26].

The capability of thermo-responsive polymers to alternate from
hydrophilic to hydrophobic by adjusting the temperature has been
used to create intelligent surfaces with applications namely in
chromatography [27,28], microfluidic devices [29], and cell culture
and engineering [30–32].

Poly(N-isopropylacrylamide) (PNIPAM) is certainly the most
studied thermo-responsive polymer in aqueous solutions [10] and
at the air–water interface [33–37]. The coil of long polymer chains
shrinks to a globule with a drastic variation of volume in wa-
ter, around 32 ◦C. The steady-state surface tension of aqueous
PNIPAM solutions is independent of the bulk concentration and
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slightly changes with temperature (γ = 43.1 mN m−1, at 25 ◦C, and
40.2 mN m−1, at 40 ◦C) [35]. Nevertheless, the thickness and the
number density of segments of the PNIPAM layer at the interface
increase with temperature. In spite of the large discrepancies be-
tween the values obtained by ellipsometry [36] and neutron reflec-
tivity [37] techniques, this suggests that conformational changes
occur at the air–water interface by temperature variation with-
out significant changes of the surface tension. Furthermore, good
agreement was found between the steady-state surface tension and
the plateau surface pressure of spread monolayers at the air–water
interface [36].

The π–A isotherms of PNIPAM are rather insensitive to temper-
ature around the LCST of PNIPAM in water [33,36]. However, hy-
drophobically modified thermo-sensitive polymers and copolymers
composed of hydrophobic moieties show significant variations of
their isotherms with temperature [33–41]. The few studies known
show that the thermo-responsiveness of these copolymers at the
air–water interface depends on the content of hydrophobic moi-
eties attached as terminal blocks or introduced as comonomers in
the polymer backbone. Polymers, with a very low content of hy-
drophobic groups introduced in the polymer backbone of PNIPAM
[38] or attached at the ends of the poly(2-isopropyl-2-oxazoline)
(PIPOZ) thermo-responsive block [39] present deviations to lower
molecular areas with temperature increase. An opposite trend was
observed when the hydrophobic block is similar or longer than
the thermo-responsive block. Deviations to higher molecular areas
were observed when the temperature increased above the LCST
for a diblock copolymer with a long hydrophobic block attached
to PNIPAM (with a thermo-responsive component of 46 mol%) [41]
and for the pentablock copolymer composed of a central pluronic
(PEO–PPO–PEO) block with two thermo-responsive poly(diethyl-
aminoethyl methacrylate) (PDEAEM) blocks at both ends with a
15 mol% content [42]. Further studies are needed in order to clar-
ify the influence of the molecular composition and structure of
thermo-responsive materials at the air–water interface.

This work studies the thermo-responsive behavior of the poly-
(N,N-diethylacrylamide) homopolymer (h-PDEA) and the poly-
(N-decylacrylamide)-b-PDEA (PDcA11-b-PDEA231) copolymer at the
air–water interface. The interest in PDEA has been increasing in
the last years because it is biocompatible [43–45] and like PNIPAM
shows a LCST around the physiological temperature. The thermo-
responsiveness of both the h-PDEA and the PDcA11-b-PDEA231 was
studied in the 10–40 ◦C temperature interval. The π–A isotherms
were recorded to acquire information on the polymer conforma-
tional changes that should occur with temperature increase above
the polymer LCST in water. The significant differences observed be-
tween the h-PDEA and the hydrophobically modified PDEA copoly-
mer were ascribed to the PDcA hydrophobic block (3 mol%). In situ
observation by BAM and the AFM analysis of Langmuir–Blodgett
(LB) monolayers on mica substrates were performed to follow the
formation of aggregates with temperature increase. These aggre-
gates are discussed in the context of the phase separation under-
taken by thermo-responsive polymers above the LCST.

2. Experimental

2.1. Materials

N,N-diethylacrylamide (DEA) was purchased from Monomer–
Polymer & Dajac Labs and distilled under reduced pressure in the
presence of hydroquinone. N-decylacrylamide (DcA) was synthe-
sized as previously described [46]. The initiators 2,2′-azobis(2,4-
dimethylvaleronitrile) (V-65) (WAKO, 98%) and 2,2′-azobis(iso-
butyro-nitrile) (AIBN) (Fluka, 98%) were purified by recrystal-
lization from ethanol. The tert-butyl dithiobenzoate (tBDB) was
synthesized following the procedure described in [47], and the
N-(4-(9-phenanthrenyl)butyl)-2-[[2-phenyl-1-thioxo]thio]-propana-
mide (PBTP) was prepared from 4-(9-phenanthrenyl)butyl amine
hydrochloride [48] using the procedure reported by Bathfield
et al. [49]. 1,4-Dioxane (Acros, 99%) was distilled over LiAlH4
(110 ◦C), dimethylsulfoxide (DMSO) (Aldrich, anhydrous, 99.9%),
tetrahydrofuran (THF) (SDS, 99%) tetrabutylammonium bromide
(TBAB) (Fluka, 99%) and trioxane (Acros, 99%) were used as re-
ceived.

2.2. Synthesis of PDEA

The thermo-sensitive homopolymer (h-PDEA) was obtained
from the RAFT polymerization of DEA in the presence of tBDB
as a chain transfer agent. DEA (1.22 g, 9.6 mmol), tBDB (5.8 mg,
27.6 μmol), AIBN (0.5 mg, 2.74 μmol), DMSO (6 mL), and trioxane
(0.07 g, 0.08 mmol, the 1H NMR internal reference) were intro-
duced in a Schlenk tube equipped with a magnetic stirrer. The
mixture was degassed by five freeze–evacuate–thaw cycles and
then heated under nitrogen in a thermostated oil bath (90 ◦C).
Periodically, aliquots of the polymerization medium were with-
drawn to determine the monomer conversion by 1H NMR. Typi-
cally, 400 μL of acetone-d6 was added to 200 μL of each sample
and the NMR spectrum was recorded using a Bruker AC 200 spec-
trometer. Monomer consumption was determined from the area of
vinylic protons using trioxane (5.1 ppm) as the internal reference.
The polymer (obtained at 74% conversion) was diluted ten times
in H2O Millipore and purified by dialysis at 4 ◦C for 5 days using
a dialysis cassette (Slide-A-Lyzer®) from Pierce with a cut-off of
3500 Da.

2.3. Synthesis of PDcA11-b-PDEA231

The block copolymer with the molecular structure shown
in Chart 1, was synthesized by sequential reversible addition-
fragmentation chain transfer (RAFT) polymerization. The PDcA
Chart 1. Chemical structure of the PDcA11-b-PDEA231 copolymer.
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oligomer (macro-CTA) with the polymerization degree of 11 and
Mw/Mn = 1.13 was synthesized as described elsewhere [46], us-
ing PBTP as a chain transfer agent. This macro-CTA was used
in the RAFT polymerization of DEA in 1,4-dioxane ([DEA] =
3.8 mol L−1) at 70 ◦C under nitrogen, using V-65 as initiator. The fi-
nal poly(DcA)-block-poly(DEA) copolymer was precipitated in cold
petroleum ether.

2.4. Characterization of polymer samples

The degree of polymerization and the polydispersity index of
the macro-CTA, poly(DcA), were obtained by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-ToF
MS). Absolute molecular weights of the polymer samples were de-
termined by size exclusion chromatography (SEC) using a Waters
510 pump, three Phenogel columns (104, 103 and 102 Å; 5 μm;
7.8 × 300 mm) connected in series and coupled to a miniDAWN
treos multiangle laser light scattering detector (three angles: 45.8◦ ,
90◦ and 134.2◦; laser wavelength: 658 nm) from Wyatt Technolo-
gies and a Waters 2410 refractive index detector. A solution of
0.05 M LiBr in DMF was used as eluent at 30 ◦C with a flow rate
of 0.3 mL min−1. The differential refractive index (dn/dC ) of PDEA
(0.0810 ± 0.0009 mL g−1) was measured using a WYATT Optilab
rEX refractometer operating at 658 nm and 30 ◦C. This value was
used either for h-PDEA as for the block copolymer since the frac-
tion of the hydrophobic block in the copolymer is very small. Typ-
ically, 50 μL of the sample solution (10 g L−1) was injected through
the columns. Prior to injection, these solutions were centrifuged at
15,000 rpm for 15 min to avoid dust.

The h-PDEA has a Mn = 33,800 g mol−1 (Mw/Mn = 1.01) and
the block copolymer PDcA11-b-PDEA231 has a Mn = 32,000 g mol−1

(Mw/Mn = 1.03).

2.5. Surface pressure–area measurements

Surface pressure–area (π–A) isotherms were carried out on a
KSV 5000 Langmuir–Blodgett system (KSV instruments, Helsinki)
installed in a laminar flow hood. Solutions of (PDcA11-b-PDEA231)
in chloroform were prepared with concentrations in the range
of 0.5–1 mg mL−1. The measurements were done by spreading
50–100 μL of solution. After a complete evaporation of the sol-
vent (15 min), the floating layer on the subphase was symmetri-
cally compressed by using two mobile barriers at constant speed
(5 mm min−1). The temperature of the subphase was maintained
by a circulating water bath and the range of working tempera-
ture was of 10–40 ◦C. The π–A isotherm does not change with the
concentration of spreading solution in the working interval of con-
centrations.

2.6. Langmuir–Blodgett deposition

The spread monolayers at the air–water interface were trans-
ferred to freshly cleaved mica substrates by the vertical dipping
method. The substrates were clamped parallel to the barriers and
immersed in the subphase before spreading the polymer solution.
After complete evaporation of the solvent, the floating layer was
compressed up to the target surface pressure. Upon a relaxation
period (∼15 min), the deposition was performed at constant sur-
face pressure (2, 5, 20 and 28 mN m−1), with a dipping speed of
5 mm min−1. The transfer ratios were close to unity.

2.7. Atomic force microscopy (AFM)

A D3100 microscope with a Nanoscope IIIa controller from Dig-
ital Instruments (DI) was used. The AFM images were obtained in
tapping mode at room temperature. A tapping mode etched silicon
probe (TESP) from DI and a 90 × 90 μm2 scanner were used. The
free tip was set to 1.3 V. Images consisted of raster scanned, elec-
tronic renderings of the sample surfaces. Each LB monolayer was
imaged several times at different positions on the substrate to ver-
ify the reproducibility and distribution of the aggregates. At low
temperatures, the number density of aggregates per substrate was
very low and consequently the analysis became very time consum-
ing.

3. Results and discussion

3.1. π–A isotherms

Fig. 1 shows the π–A isotherms of the homopolymer (h-PDEA)
(A) and the block copolymer (PDcA11-b-PDEA231) (B) recorded dur-
ing the compression of spread monolayers at the water subphase,
in the temperature range of 10 to 40 ◦C.

Both polymers adsorb at the air–water interface and form sta-
ble monolayers in the interval of working temperatures. The shape
of the isotherms for both polymers is identical, apart the small
differences observed in the collapse regime. The surface pressure
gradually increases in the expanded regime up to ca. 3 mN m−1,
followed by a steep increase (dense regime) before the collapse.
Fig. 1. π–A isotherms of h-PDEA (A) and PDcA11-b-PDEA231 (B) at several temperatures.
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Fig. 2. Limiting area per segment A0p versus the temperature for h-PDEA (dia-
monds) and PDcA11-b-PDEA231 (squares).

The collapse region is characterized by a pseudo plateau in which
the surface pressure slowly increases over a large variation of
the area per segment. For h-PDEA, the extrapolation of the al-
most linear region (10–20 mN m−1) to zero surface pressure gives
the limiting area per segment, A0p , which slightly decreases with
temperature (24.0–22.4 Å2 in the 10–40 ◦C interval). The h-PDEA
chains should adsorb at the interface in loops, trains and tails con-
formations, as observed for other surface active polymers [50]. In
fact, the area per segment (22–24 Å2) is similar to the area oc-
cupied by the single alkyl chain perpendicular to the interface,
which is approximately one half of the surface area expected for
the extended conformation of the DEA segment. The dense regime
of the monolayer is attributed to the compaction of chains, while
the long plateau is attributed to the immersion of the PDEA chain
in the water subphase. The pressure, at which the homopolymer
submerges, increases with temperature (25–27 mN m−1 at 10 ◦C
and 27–30 mN m−1, at 40 ◦C) owing to the increase of the hy-
drophobicity of PDEA with temperature. The π–A isotherms of the
PDcA11-b-PDEA231 (B) appear at larger areas per segment (A0p =
30–24 Å2 in the 10–40 ◦C range) with a broad collapse regime (25–
30 mN m−1). It is worth to note that the collapse regime of both
homopolymer and copolymer is similar at 40 ◦C, in spite of the
differences in the composition and molecular architecture.

Fig. 2 shows the variation of A0p for the h-PDEA (diamonds)
and PDcA11-b-PDEA231 (squares) as a function of the temperature.
Two main conclusions can be extracted from the plot: (i) at a
given temperature, the limiting area per segment is larger for the
copolymer than for the homopolymer; (ii) the area per segment
slightly decreases for the PDEA in the 10–40 ◦C temperature inter-
val, while for the copolymer a significant decreases was observed
between 10 to 30 ◦C, followed by a gradual decrease for higher
temperatures. The difference between the values of A0p of both
polymers at a given temperature has two possible origins: the im-
mersion/loss into the subphase, slightly higher for the homopoly-
mer than for the copolymer, which is supported by the hysteresis
compression–expansion cycles, and the conformation changes in-
duced by the hydrophobic block that result in the increase of the
area per segment at the interface. The observed difference in the
temperature-dependence of the surface pressure–area behavior is
essentially attributed to the influence of the hydrophobic PDcA11
block because the hysteresis compression–expansion cycles of both
homo and block copolymer vary similarly with temperature (re-
sults omitted). For the copolymer, the best fit lines drawn through
the 10–30 and 30–40 ◦C regions, intersects at 29 ± 2 ◦C. This tem-
perature is very close to the LCST of PDEA with a similar molecular
weight (31–33 ◦C) [51]. The area per segment of h-PDEA slightly
decreases with temperature, not allowing the identification of a
break point as observed for the copolymer. A similar behavior was
reported for PNIPAM [33], for which the π–A isotherms recorded
at 16.0 and 31.3 ◦C only differ in the plateau regime, where the
surface pressure increases with temperature.

In order to describe the transition occurring in two-dimensions
(2-D), instead of the coil-to-globule picture used in bulk (3-D), it
seems more adequate to use the image of a swollen pancake-to-
dense pancake transition at the interface to explain the decrease
of area per segment of the PDcA11-b-PDEA231 when the tempera-
ture increases from 10 to 40 ◦C. Similar results were observed in
the temperature range of 10–30 ◦C for the hydrophobically modi-
fied PNIPAM (NIPAM-octadecylacrylate (ODA)) [23] and in the 14–
36 ◦C range for the ABA telechelic copolymer (in which the poly(2-
isopropyl-2-oxazoline) thermo-responsive B block is linked at both
ends with C18-alkyl groups (A)) by Obeid et al. [39]. The Brewster
angle microscope (BAM) observation of that telechelic polymer at
the air–water interface allowed the identification of pancake type
aggregates at 14 ◦C that change to spaghetti aggregates at 36 ◦C
above the LCST transition of the thermo-responsive block. Con-
trarily, deviations to higher molecular areas were observed when
the temperature increased above the LCST of a diblock copolymer
with a long hydrophobic block of poly(γ -benzil l-glutamate) at-
tached to the thermo-responsive block (PNIPAM, 46 mol%) [41].
Paleshanko et al. [42] reported also a distinct behavior for a
pluronic-based pentablock copolymer in the range 25–50 ◦C. At
pH 7.4 and 25 ◦C, the thermo-responsive poly(diethylaminoethyl
methacrylate) (PDEAEM, 15 mol%) blocks, attached at both ends
of the central pluronic block (PEO–PPO–PEO), are partially spread
at the air–water interface due to the insufficient ionization to
submerge into the water subphase. The increase of temperature
above LCST promotes the collapse of PDEAEM blocks, evidenced
by the drastic decrease of the monolayer thickness (to one half)
at 50 ◦C. The collapsed blocks segregate laterally from the cen-
tral hydrophilic blocks, leading to a more flat morphology of lower
thickness and larger area at the interface. These results suggest
that the long hydrophobic blocks anchor and space the partially
immersed thermo-responsive blocks at the air–water interface be-
low the LCST. Increasing the temperature above LCST, the isolated
thermo-responsive blocks collapse laterally and the area occupied
at the interface increases. Contrarily, the low content of hydropho-
bic moieties used here seems to enhance the aggregation of the
thermo-responsive moieties, contributing to the decrease in sur-
face area with temperature.

3.2. AFM images

Figs. 3–5 show AFM images of homopolymer and copolymer
monolayers transferred at several temperatures and surface pres-
sures onto freshly cleaved mica substrates. To quantify the surface
features and sizes of the aggregates, the cross section analysis was
performed and added to the respective image.

At 10 ◦C, monolayers of h-PDEA and PDcA11-b-PDEA231 were
transferred at low (3–5 mN m−1) and high (20 mN m−1) surface
pressures, in the monolayer regime below the pseudo plateau of
the π–A isotherm. The AFM images of LB monolayers of h-PDEA
did not show any kind of aggregation. Differently, LB monolayers of
the diblock copolymer exhibit sparse and small circular aggregates
(Fig. 3a). The diameter (d = 100–200 nm) and the correspondent
height (h = 4–7 nm) were determined by sectional analysis taken
from the average of several cross sections through the middle of
aggregates (the height dispersion has a minor contribution from
the cross section misalignment relative to the center of aggre-
gates). The density of the aggregates slightly increases with surface
pressure but the dimensions remain nearly constant. The inset of
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Fig. 3. AFM images of PDcA11-b-PDEA231 at several temperatures and surface pressures: (a) 10 ◦C, 20 mN m−1, cross section of the zoom inset; (b) 20 ◦C, 3 mN m−1, cross
section of the small aggregate shown in the inset; (c) 20 ◦C, 3 mN m−1, large irregular shaped aggregate and respective cross section.
Fig. 3a shows the zoom of one aggregate with the corresponding
cross section to illustrate the absence of inner structure.

At 20 ◦C (Figs. 3b and 3c), besides the general pattern observed
at 10 ◦C for the block copolymer, traces of a new morphology of
variable size were detected. From the analysis of 20 × 20 μm2

scan sizes we can estimate that this kind of aggregate was ob-
served in different substrates, prepared with similar conditions,
with a probability of occurrence ∼5%. These new aggregates show
a nearly constant height (h = 3–4 nm), with a wide dispersion of
“equivalent diameters” (d = 200–1000 nm). The inset of Fig. 3b
shows the zoom of a small irregular shaped aggregate with the
inner structure illustrated by the cross section. Fig. 3c illustrates
a still larger aggregate with a similar inner structure. A deep ob-
servation of these aggregates allows the identification of a chain-
like structure (or spaghetti like structure), compatible with the
collapse of smaller aggregates. At 25 ◦C, only sparse large ag-
gregates, resulting from the junction of several small aggregates,
were observed with a higher incidence than at 20 ◦C (images not
shown).

Fig. 4 shows AFM images of h-PDEA (a) and PDcA11-b-PDEA231

(b) transferred at 5 mN m−1 and 40 ◦C. Aggregation was observed
in the LB monolayers of both polymers above the LCST of PDEA.
The density and averaged sizes of aggregates are of the same order
of magnitude. The significant differences reside in the morphology
and height of these aggregates: flat irregular structures for h-PDEA
and circular and higher structures for PDcA11-b-PDEA231. The wide
size distribution with an equivalent diameter d in the range 100
to 500 nm, in a 2-D space parallel to the interface, is a com-
mon feature for both polymers. The irregular structures of h-PDEA
present a nearly constant height (h = 1–2 nm) (Fig. 4a), while the
chains of PDcA11-b-PDEA231 aggregate in circular structures, higher
(h = 3–4 nm) than those of the homopolymer (Fig. 4b).

Fig. 5 compares the AFM images of PDEA homopolymer (a)
and PDcA11-b-PDEA231 copolymer (b) LB monolayers transferred at
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Fig. 4. AFM images of PDEA homopolymer (a) and PDcA11-b-PDEA231 copolymer (b) LB monolayers transferred at 5 mN m−1 and 40 ◦C.
28 mN m−1 and 40 ◦C. Fig. 5a shows a variable patterning of ho-
mopolymer domains in different regions of the substrate. On the
top of the substrate (the region that first leaves the interface),
long and irregular dense domains were observed (top of image);
on the middle circular domains predominate; and on the bot-
tom (the last region that leaves the interface), sparse and small
domains appeared. This variable patterning resembles the “spin-
odal dewetting” of a liquid film from a solid surface [52]. The
patterning variation along the substrate is attributed to different
dewetting stages experienced by different regions of the substrate
during the transference. Differently, the AFM image for the copoly-
mer (Fig. 5b) shows an isotropic pattern of condensed domains,
probably due to a high cohesive layer of copolymer on the sub-
strate.

Aggregation at the air–water interface was also observed in
situ by BAM mounted in a Langmuir film balance. At 10 ◦C, ho-
mogeneous images were obtained without perceptible aggregates.
Aggregates or collapsed domains were detected as bright dots, in
the limit of detection of the BAM technique (∼2 μm), immediately
after solution spreading at T > 25 ◦C (images omitted).

Additionally, dynamic light scattering (DLS) measurements of
PDcA11-b-PDEA231 copolymer solutions in chloroform with concen-
trations up to 10 mg mL−1 (10 to 20 times the concentration of the
spreading solutions), did not reveal any aggregation in the inter-
val of working temperatures. As the DLS results of the polymer in
chloroform did not show the presence of aggregates, we conclude
that it is the contact between the copolymer and the water sub-
phase that promotes the aggregation of PDcA11-b-PDEA231at the
air–water interface.

4. Discussion

The thermo-sensitivity of polymers is displayed in solution and
at the air–water interface owing to the conformational changes
of polymer chains with temperature around the LCST. At tem-
peratures below the LCST, hydrated polymer chains of h-PDEA
in a swollen pancake conformation (not detected by AFM) exists
at the interface. By increasing the temperature above the LCST,
the amide–water hydrogen bonds disrupt and the hydrophobic in-
teractions increase. This promotes the release of the bound and
structured water and the swollen conformation collapses in a flat
pancake at the interface (observed by AFM, Fig. 3a). The almost in-
variance of the h-PDEA isotherms (Fig. 1A), suggests, at the first
sight, the absence of polymer conformational changes at the water
surface by temperature increase. Contrarily, the AFM images show
that conformational changes occur at the interface, leading to the
decrease of the thickness of the adsorbed layer without a signifi-
cant decrease of the area occupied at the interface. Consequently,
the dA0p/dT gradient becomes very small not allowing the identi-
fication of the transition (Fig. 2).

The effect of the hydrophobic block is also evidenced by the
sparse structures observed by AFM below LCST (Fig. 3). These
structures were attributed to the aggregation of individual or en-
tangled chains that remain at the interface anchored by the PDcA11
hydrophobic block. This is based on the observation that PDEA
is not molecularly dissolved in water but forms aggregates even
below the solution cloud point [18]. For the temperature inter-
val of 10 to 25 ◦C, the radius of gyration of PDEA (∼6.5 nm) [51,
53], is of the order of magnitude of the height of aggregates ob-
tained from the AFM images. These structures were not observed
in the LB films of the homopolymer transferred in the same con-
ditions probably because the PDEA completely submerge into the
water subphase. At high temperature (T > 25 ◦C), the increasing
hydrophobicity of the long PDEA block with temperature became
high enough to induce the formation of sparse but large aggre-
gates.

The conformational changes occurring around the LCST of PDEA
are summarized in the cartoon of Fig. 6. Swollen (hydrophilic) pan-
cakes of h-PDEA do not form aggregates at the air–water interface
below the LCST (Scheme A, left side). Above the LCST, the PDEA
chains of the homopolymer become hydrophobic and aggregate in
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Fig. 5. AFM images of PDEA homopolymer (a) and PDcA11-b-PDEA231 copolymer (b) LB monolayers transferred in the collapsed regime, at 28 mN m−1 and 40 ◦C.
nearly flat pancakes, which in turn collapse in larger and irreg-
ular structures of nearly constant height (h = 1–2 nm) (Fig. 4a,
and Scheme A, right side). A similar mechanism explains the ag-
gregation of PDcA11-b-PDEA231 copolymer. The chains of PDcA11-
b-PDEA231 condense in round-shaped aggregates (h = 3–4 nm),
higher than those of the homopolymer (Fig. 4b, and Scheme B,
right side). Differences in the aggregates morphology are due to
the short PDcA hydrophobic block linked to the long PDEA thermo-
responsive block. The lower and nearly flat morphology of the
h-PDEA LB films indicate aggregates with low cohesion, while the
more globular aggregates formed by the PDcA11-b-PDEA231 reveal
an additional cohesion introduced by the hydrophobic block.

The variable patterning shown in Fig. 5a for the LB film trans-
ferred in the pseudo plateau resembles the “spinodal dewetting” of
a liquid film from a solid surface [52]. This results from the insta-
bility caused by both the low cohesion of liquid film and the weak
interaction of the film with the substrate. Contrarily, the isotropic
pattern of condensed domains of the copolymer film (Fig. 5b) in-
dicates a high cohesion in the film motivated by the hydrophobic
interactions between the PDcA segments. This reflects the consid-
erable effect of a low level of hydrophobic modification (3%) on
the thermo-responsiveness of PDEA.
5. Conclusion

The thermo-responsive behavior of h-PDEA at the interface can-
not be assessed by the π–A isotherms because the conformational
changes of the homopolymer at the interface occur without a sig-
nificant variation of the area occupied.

This work clarifies the role played by the hydrophobic block
on the thermo-sensitive behavior of the block copolymers at the
air–interface. The PDcA11 block, anchoring the polymer to the in-
terface, ensures a better stability to the film and preserves the
thermo-sensitivity of PDEA at the air–water interface.

Aggregation was found above the LCST for both polymers. The
coexistence of aggregates of variable size is essentially due to the
clustering of aggregates induced by the increasing hydrophobicity
of the PDEA block with temperature.
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[9] Z.M.O. Rzaev, S. Dinçer, E. Pişkin, Prog. Polym. Sci. 32 (2007) 534–595.

[10] H.G. Schild, Prog. Polym. Sci. 17 (1992) 163–249, and references therein.
[11] I. Idziak, D. Avoce, D. Lessard, D. Gravel, X.X. Zhu, Macromolecules 32 (1999)

1260–1263.
[12] J. Spevácek, D. Geschke, M. Ilavsky, Polymer 42 (2001) 463–468.
[13] W.S. Cai, L.H. Gan, K.C. Tam, Colloid Polym. Sci. 279 (2001) 793–799.
[14] Y. Maeda, H. Yamamoto, I. Ikeda, Colloid Polym. Sci. 282 (2004) 1268–1273.
[15] S. Liu, M. Liu, J. Appl. Polym. Sci. 90 (2003) 3563–3568.
[16] F. Garret-Flaudy, R. Freitag, Langmuir 17 (2001) 4711–4716.
[17] Y. Maeda, T. Nakamura, I. Ikeda, Macromolecules 35 (2002) 10172–10177.
[18] M. Itakura, K. Inomata, T. Nose, Polymer 41 (2000) 8681–8687.
[19] C. Wu, Polymer 39 (1998) 4609–4619.
[20] C. Wu, X. Wang, Phys. Rev. Lett. 80 (1998) 4092–4094.
[21] X. Wang, X. Qiu, C. Wu, Macromolecules 31 (1998) 2972–2976.
[22] H.Y. Liu, X.X. Zhu, Polymer 40 (1999) 6985–6990.
[23] X. Shi, J. Li, C. Sun, S. Wu, Colloids Surf. A Physicochem. Eng. Aspects 175

(2000) 41–49.
[24] M. Siu, G. Zhang, C. Wu, Macromolecules 35 (2002) 2723–2727.
[25] P. Kujawa, F. Tanaka, F.M. Winnik, Macromolecules 39 (2006) 3048–3055.
[26] L.D. Taylor, J. Cerankowski, J. Polym. Sci. Polym. Chem. Ed. 13 (1975) 2551–

2570.
[27] A. Kikuchi, T. Okano, Prog. Polym. Sci. 27 (2002) 1165–1193.
[28] H. Kanazawa, Y. Kashiwase, K. Yamamoto, Y. Matsushima, A. Kikuchi, Y. Sakurai,

T. Okano, Anal. Chem. 69 (1997) 823–830.
[29] D.L. Huber, R.P. Manginell, M.A. Samara, B.I. Kim, B.C. Bunker, Science 301

(2003) 352.
[30] G. Pasparakis, A. Cockayne, C. Alexander, J. Am. Chem. Soc. 129 (2007) 11014–

11015.
[31] M.T. Moran, W.M. Carroll, I. Selezneva, A. Gorelov, Y. Rochev, J. Biomed. Mater.

Res. A 81 (2007) 870–876.
[32] Y. Ito, Biomaterials 20 (1999) 2333–2342.
[33] W. Saito, M. Kawaguchi, T. Kato, T. Imae, Langmuir 12 (1996) 5947–5950.
[34] J. Zhang, R. Pelton, Langmuir 12 (1996) 2611–2612.
[35] V. Gilcreest, K.A. Dawson, A.V. Gorelov, J. Phys. Chem. B 110 (2006) 21903–

21910.
[36] (a) M. Kawaguchi, Y. Hirose, T. Kato, Langmuir 12 (1996) 3523–3526;

(b) M. Kawaguchi, W. Saito, T. Kato, Macromolecules 27 (1994) 5882–5884.
[37] R.M. Richardson, R. Pelton, T. Cosgrove, J. Zhang, Macromolecules 33 (2000)

6269–6274.
[38] X.-Y. Shi, J.-B. Li, C.-M. Sun, S.-K. Wu, J. Appl. Polym. Sci. 75 (2000) 247–255.
[39] R. Obeid, R.C. Advincula, F.M. Winnik, Polym. Prepr. 48 (2007) 660–661.
[40] G. Liu, S. Yang, G. Zhang, J. Phys. Chem. B 111 (2007) 3633–3639.
[41] S. Shimijo, T. Akaike, M. Hara, A. Higuchi, I.-K. Park, C.-S. Cho, J. Biomater. Sci.

Polym. Ed. 13 (2002) 829–841.
[42] S. Peleshanko, K.D. Anderson, M. Goodman, M.D. Determan, S.K. Mallapragada,

V.V. Tsukruk, Langmuir 23 (2007) 25–30.
[43] Z. Ding, R.B. Fong, C.J. Long, P.S. Stayton, A.S. Hoffman, Nature 411 (2001) 59–

62.
[44] (a) H. Hiratani, C. Alvarez-Lorenzo, J. Controlled Release 83 (2002) 223–230;

(b) H. Hiratani, C. Alvarez-Lorenzo, Biomaterials 25 (2004) 1105–1113.
[45] L.I. Valuev, I.L. Valuev, I.M. Shanazarova, Appl. Biochem. Microbiol. 42 (2006)

27–30.
[46] J.P.S. Farinha, P. Relógio, M.-T. Charreyre, T.J.V. Prazeres, J.M.G. Martinho, Macro-

molecules 40 (2007) 4680–4690.
[47] A. Favier, M.-T. Charreyre, P. Chaumont, C. Pichot, Macromolecules 35 (2002)

8271–8280.
[48] C.A.M. Afonso, J.P.S. Farinha, J. Chem. Res. 11 (2002) 584–586.



A.M.P.S. Gonçalves da Silva et al. / Journal of Colloid and Interface Science 327 (2008) 129–137 137
[49] M. Bathfield, F. D’Agosto, R. Spitz, M.T. Charreyre, T. Delair, J. Am. Chem.
Soc. 128 (2006) 2546–2547.

[50] G.J. Fleer, M.A. Cohen Stuart, J.M.H.M. Scheutjens, T. Cosgrove, B. Vincent, Poly-
mers at Interfaces, Chapman & Hall, London, 1993, chap. V.

[51] D.G. Lessard, M. Ousalem, X.X. Zhu, A. Eisenberg, P.J. Carreau, J. Polym. Sci. Part
B Polym. Phys. 41 (2003) 1627–1637.
[52] (a) S. Herminghaus, K. Jacobs, K. Mecke, J. Bischof, A. Fery, M. Ibn-Elhaj, S.
Schlagowski, Science 282 (5390) (1998) 916–919;
(b) U. Thiele, M.G. Velarde, K. Neuffer, Phys. Rev. Lett. 87 (2001) 016104-4.

[53] K. Kubota, S. Fujishige, I. Ando, J. Phys. Chem. 94 (1990) 5154–5158.


	Thermo-responsiveness of poly(N,N-diethylacrylamide) polymers at the air-water interface: The effect of a hydrophobic block
	Introduction
	Experimental
	Materials
	Synthesis of PDEA
	Synthesis of PDcA11-b-PDEA231
	Characterization of polymer samples
	Surface pressure-area measurements
	Langmuir-Blodgett deposition
	Atomic force microscopy (AFM)

	Results and discussion
	pi-A isotherms
	AFM images

	Discussion
	Conclusion
	Acknowledgments
	References


