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The thermoresponsive behavior of the rhodamine B end-labeled double hydrophilic block copolymer (DHBC)
poly(N,N-dimethylacrylamide)-b-poly(N,N-diethylacrylamide) (RhB-PDMA207-b-PDEA177) and the 1:1 segmental
mixture of PDEA and rhodamine B end-labeled PDMA homopolymers was studied over the range of 10-40 �C at
the air-water interface. The increase in collapse surface pressure (second plateau regime) of the DHBC with
temperature confirms the thermoresponsiveness of PDEA at the interface. The sum of the π-A isotherms of the two
single homopolymers weighted by composition closely follows the π-A isotherm of the DHBC, suggesting that the
behavior of each block of the DHBC is not influenced by the presence of the other block. Langmuir-Blodgett
monolayers of DHBC deposited on glass substrates were analyzed by laser scanning confocal fluorescence microscopy
(LSCFM), showing schizophrenic behavior: at low temperature, the RhB-PDMA block dominates the inside of bright
(core) microdomains, switching to the outside (shell) at temperatures above the lower critical solution temperature
(LCST) of PDEA. This core-shell inversion triggered by the temperature increase was not detected in the homopolymer
mixture. The present results suggest that both the covalent bond between the two blocks of the DHBC and the tendency
of rhodamine B to aggregate play a role in the formation of the bright cores at low temperature whereas PDEA
thermoaggregation is responsible for the formation of the dark cores above the LCST of PDEA.

Introduction

Stimuli-responsive copolymers have attracted considerable
attention from the scientific community by virtue of their poten-
tial in biotechnology, medicine, pharmaceutics, and bioenginee-
ring.1-4 Double-hydrophilic block copolymers (DHBCs) com-
bining two different hydrophilic blocks may form random
aggregates, micelles, or even more organized structures such as
liposomes in aqueous media.5-11 This kind of aggregation can be
created or destroyed by an external stimulus if one of the DHBC
blocks is stimuli-responsive. External stimuli in an aqueous
medium may render this block insoluble whereas the copolymer
remains in solution because of the hydrophilic character of the
other block. The study of DHBCs at interfaces is of the utmost
importance because of their possible use in drug delivery and
biomedical applications.12-14

By increasing the temperature above their lower critical solution
temperature (LCST), thermoresponsive polymers undergo a phase
separation in which a polymer-rich phase separates and eventually
precipitates from a solvent-rich phase.N-Alkyl-substituted polyacry-
lamides are generally thermoresponsive in water, with poly(N-
isopropylacrylamide) (PNIPAM) being the most studied because it
has a phase transition at 32 �C, which is close to physiological
temperature.15,16 This entropically driven transition results from the
release of the structured hydrogen-bonded water from the amide
groups and the consequent increase in the hydrophobic interactions
between the isopropyl groups.15 This leads to the collapse of
PNIPAM coils into globules (coil-globule transition),17,18 which
further associate to form larger aggregates that eventually precipitate.

Another thermoresponsive polymer, poly(N,N-diethylacry-
lamide) (PDEA), has been receiving increasing attention lately
because it is biocompatible and, in spite of the absence of amide
protons, has an LCST around physiological temperature (31-
34 �C).19-21 At temperatures below the LCST, the ethyl groups
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are hydrated andmost of theCdOgroups of PDEAare hydrogen
bonded with one or two water molecules. By increasing the
temperature above the phase transition, most of the ethyl groups
become dehydrated and associate through hydrophobic interac-
tions,whereas theCdOgroups continue to be hydrated in spite of
the decrease in hydrogen bonding.22 The transition is driven by
the increase in entropy resulting from the release of the water
molecules that surround the ethyl groups and the consequent
increase in hydrophobic interactions.

The molecular design of thermoresponsive polymers, concern-
ing their molecular structure and functional groups, is crucial for
the creation of specific smart biomaterials and biointerfaces.23,24

The air-water interfacial behavior of amphiphilic copolymers
can be studied by using the Langmuir technique.25 In particular,
combining the Langmuir and the Langmuir-Blodgett (LB)
techniques, the conformational changes undergone by the ther-
moresponsive copolymers around the LCST can be followed and
further characterized by specific and powerful techniques of
surface characterization, namely, AFM, neutron reflectivity and
scattering, electron microscopy, FTIR, and XPS.26,27

The thermoresponsive behavior of PDEA and of the amphi-
philic poly(N-decylacrylamide)-b-poly(N,N-diethylacrylamide)
block copolymer (PDcA11-b-PDEA231) composed of a short
hydrophobic block of PDcA and a long block of PDEA was
studied at the air-water interface between 10 and 40 �C.28 The
low and nearly flat morphology of LB monolayers of PDEA
suggested the formation of (2D) aggregates with low cohesion
whereas PDcA11-b-PDEA231 was found to form globular and
higher (3D) aggregates with extra cohesion introduced by the
hydrophobic block.28

In this work, we study the thermoresponsive behavior of a
double hydrophilic block copolymer (DHBC) composed of a
PDEA block covalently linked to a rhodamine B end-labeled
poly(N,N-dimethylacrylamide) (PDMA) block (RhB-PDMA207-
b-PDEA177) and the mixture of PDEA and RhB-PDMA homo-
polymers at the air-water interface. The presence of rhodamineB
at the end of the PDMA chain allowed us to characterize further
the film organization and distribution of aggregates in LB
monolayers transferred at several temperatures and surface
pressures by laser scanning confocal fluorescence microscopy
(LSCFM) of the supported polymer films.29 This study revealed
a core-shell inversion, the so-called schizophrenic behavior,
triggered by the temperature increase: at low temperature, the
RhB-PDMA block dominates the inside of bright (core) micro-
domains, switching to the outside (shell) at temperatures above
theLCSTof PDEA. The schizophrenic behavior of stimuli-respo-
nsive copolymers has been reported in aqueous solution.5,6,9,11,30

As far as we are aware, the present work is the first reporting the
schizophrenic behavior of a thermoresponsive polymer at the
air-water interface.

Experimental Section

Materials. N,N-Diethylacrylamide (DEA) was purchased
from Monomer-Polymer & Dajac Laboratories, and N,N-di-
methylacrylamide (DMA) was obtained fromAldrich (both with
a purity >99%). Both monomers were purified by distillation
under reduced pressure to remove inhibitor. DEAwas distilled at
26 �C and 0.2 mbar in the presence of 4-methoxyphenol, and
DMA was distilled at 24 �C and 0.4 mbar in the presence of
hydroquinone. The initiator, 2,20-azobis(isobutyronitrile)
(AIBN) (Fluka, 98%), was purified by recrystallization from
ethanol. Dimethylsulfoxide (DMSO) (Aldrich, anhydrous,
99.9%), dimethylformamide (DMF) (Fluka, 99.9%), acetone-d6
(SDS), dimethylsulfoxide-d6 (Aldrich 99.96%), lithium bromide
(Merck), and trioxane (Acros, 99%) were used as received.

Poly(N,N-diethylacrylamide) (PDEA). The synthesis of
the PDEA sample has been described elsewhere.28

RhB-poly(N,N-dimethylacrylamide) (RhB-PDMA). The
rhodamine B-labeled PDMA homopolymer (RhB-PDMA) was
obtained from the RAFT polymerization of DMA using a
rhodamine B-modified dithiobenzoate as a chain-transfer agent
(RhB-CTA).31 DMA (0.77 g, 7.8 mmol), RhB-CTA (19.4 mg,
25.7 μmol), AIBN (0.8 mg, 2.74 μmol), DMSO (4.7 mL), and
trioxane (0.05 g, 0.06mmol, the 1HNMR internal reference) were
introduced into 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 thermostatted oil bath
(75 �C). Periodically, aliquots of the polymerizationmediumwere
withdrawn to determine the monomer conversion by 1H NMR.
Typically, 400 μL of acetone-d6 was added to 200 μL of each
sample, and the NMR spectrumwas recorded using a Bruker AC
200 spectrometer (200MHz). Monomer consumption was deter-
mined from the area of vinylic protons using trioxane (5.1 ppm) as
the internal reference. The final polymer (obtained at 39%
conversion) was diluted 10-fold in Millipore H2O, purified by
dialysis at 4 �C for 5 days using a dialysis cassette (Slide-A-Lyzer)
from Pierce with a cutoff (MWCO) of 3500Da, and finally freeze
dried to yield a fluffy pink compound.

RhB-poly(N,N-dimethylacrylamide)-block-poly(N,N-di-

ethylacrylamide) (RhB-PDMA207-b-PDEA177). The block
copolymer with the molecular structure shown in Chart 1 was
synthesized by sequential reversible addition-fragmentation
chain-transfer (RAFT) polymerization. A rhodamine B-labeled
PDMA polymer sample was used as a macro-CTA in the RAFT
polymerization of DEA in DMSO-d6 ([DEA] = 1.0 mol L-1) at
90 �C under nitrogen using AIBN as an initiator. The final block
copolymer (obtained at 42% conversion) was purified by dialysis
at 4 �C for 5 days using a dialysis cassette (Slide-A-Lyzer) from
Piercewith aMWCOof 3500Daand finally freeze dried to yield a
fluffy pink solid.

Polymer Characterization. The number-average molecular
weight (Mn) and polydispersity index (Mw/Mn) of the polymer
samples were determined by size-exclusion chromatography
(SEC) using a solution of 0.05M LiBr in DMF as the eluent with
a flow rate of 0.3mLmin-1 at 30 �C, three Phenogel columns (104,
103, and 102 Å, 5 μm, 7.8 � 300 mm) connected in series and
calibrated with narrow PDMA samples, a Waters 2410 refrac-
tive index detector, and a Waters 478 fluorescence detector
(monitored at λexc = 560 nm and λem = 575 nm).

For RhB-PDMA, we calculated Mn = 18900 g mol-1 and
Mw/Mn = 1.07, and for diblock copolymer RhB-PDMA207-b-
PDEA177,we calculatedMn=43700gmol-1 andMw/Mn=1.08.

Surface Pressure-AreaMeasurements. Surface pressure-
area (π-A) isotherm measurements were carried out on a
KSV 5000 Langmuir-Blodgett system (KSV Instruments,
Helsinki) installed in a laminar flow hood. Polymer solutions in
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chloroform were prepared with concentrations in the range of
0.5-1.0 mg mL-1. The measurements were started by spreading
50-100 μL of solution. After complete evaporation of the solvent
(15 min), the floating layer on the subphase was symmetrically
compressed by 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 temperature was
10-40 �C. The π-A isotherms did not change with the concentra-
tion of spreading solution in theworking interval of concentration.

Langmuir-Blodgett Deposition. The spread monolayers at
the air-water interface were transferred onto glass substrates by
the vertical dipping method. Glass substrates were cleaned by
immersion in a chromic/sulfuric acid solution for several minutes,
subsequently rinsed and immersed in Milli-Q water, and finally
dried in a stream of nitrogen before use. To transfer the film to a
single side of the substrate, two substrates were clamped together
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. Following a relaxation period of ∼15 min, the
deposition was performed at constant surface pressure (3 and
15 mN m-1) with a dipping speed of 2 mm min-1. The transfer
ratios were close to unity.

Laser Scanning Confocal Fluorescence Microscopy

(LSCFM). Laser scanning confocal fluorescent microscopy
(LSCFM) measurements were performed on a Leica TCS SP5
(Leica Mycrosystems CMS GmbH, Mannheim, Germany) in-
verted microscope (DMI6000) with a 63.3 water-immersion
apochromatic objective (1.2 numerical aperture). The 514 nm line
of an argon ion laser was used as the excitation light both for
imaging and image spectral analysis. The laser intensity was
controlled by an acoustic-optical filter system. The fluorescence
emission was collected from 530 to 700 nm using the tunable
system and beam splitter of the Leica TCS SPC5. The laser power
and photomultiplier tube gain were constant for all measure-
ments. The offset was chosen such that the photon counts outside
the sample were negligible. The pinhole was always set at 1 Airy
unit to discriminate stray light fromout-of-focus plans. To ensure
that the observedmorphologywas typical of the film as awhole, a
large number of different regions were imaged. The emission
spectrawere obtainedwith10nmsteps and abandwidthof 10nm.
The data was processed using the Leica Application Suite-Ad-
vanced Fluorescence software to obtain the spectra in different
regions with a 1 μm diameter in each image.

Atomic Force Microscopy (AFM). The AFM was used in
noncontact mode via a Molecular Imaging (model 5100) system
using cantilevers with a constant force ranging from 25 to 75N/m
and a resonance frequency of between 200 and 400 kHz.

Results and Discussion

Films at the Air-Water Interface. π-A Isotherms at
20 �C. In Figure 1, we show the π-A isotherms of the RhB-

PDMA207-b-PDEA177 diblock copolymer (DHBC), homopoly-
mers PDEA and RhB-PDMA, and the theoretical curve of
DHBC (crosses) calculated from the homopolymer isotherms
weighted by their composition in the copolymer. The experimen-
tal curve of DHBC follows the theoretical curve except above the
long plateau, where a deviation to larger areas is detected. The
trend in the π-A curves presented in Figure 1 suggests that the
PDEA and RhB-PDMA blocks behave nearly independently at
low surface pressure, in agreement with the self-segregation of
immiscible PDEA and PDMA blocks at the air-water interface.
In the spreading solution, the copolymer exists in the form of a
random coil because chloroform is a good solvent for both
polymer blocks. Droplets of this solution instantaneously spread
at the air-water interface (the spreading coefficient of chloroform
on water is positive). Subsequently, as the solvent evaporates at
low surface pressures, both PDEA and PDMA hydrophilic
polymer blocks adsorb onto the water surface, probably forming
distinct domains owing to the differences in affinity with respect
to the water subphase (deposition-spreading/evaporation-self-
segregation mechanism). Upon compression, the more hydro-
philic block (PDMA) desorbs from the interface and immerses
into the subphase at nearly constant surface pressure (originating
in the long plateau at 6 to 7 mN m-1), promoting a drastic
decrease in the area per segment (from 25 to 15 Å2). Further
compression of the PDEA domains that remain at the inter-
face brings about an abrupt increase in surface pressure to 25 to
26 mN m-1 when the PDEA blocks start to immerse into the
subphase. The covalent bond between the two blocks in DHBC

Chart 1. Molecular Structures of RhB-PDMA and RhB-PDMA207-b-PDEA177

Figure 1. π-A isotherm of the RhB-PDMA207-b-PDEA177

diblock copolymer and homopolymers PDEA and RhB-PDMA.
The corresponding theoretical curve for the mixture calculated
from the π-A isotherms of PDEA and RhB-PDMA homo-
polymers is also shown (�).
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hinders the complete immersion of the RhB-PDMA block into
the subphase at π< 25 mN m-1 and probably causes the positive
deviations shownby theπ-A isothermofDHBCatπ>7mNm-1.

The experimental π-A isotherm of the mixture of homopoly-
mers for the 1:1 (PDEA/PDMA) segmental ratio and the corre-
sponding theoretical curve (�) calculated from the π-A
isotherms of PDEA and RhB-PDMA homopolymers weighted
by their composition in the mixture were also compared with the
experimental π-A curve of DHBC in Supporting Information,
Figure SI.1. The experimental and theoretical curves of mixed
homopolymers nearly superimpose, except at low surface pres-
sure where the experimental curve slightly deviates to larger areas
per segment. This suggests that in the monolayer regime, before
RhB-PDMA immersion, the lateral chain interactions in the
mixture are smaller than the lateral average interaction in mono-
layers of pure homopolymers. The π-A isotherm of the
mixture clearly presents a longer plateau than the π-A isotherm
of theDHBC. This indicates that a larger number ofRhB-PDMA
free chains immerse in the subphase from the mixture of homo-
polymers than from DHBC because the covalent bond between
blocks prevents the irreversible solubilization of the RhB-PDMA
block.

Hysteresis. π-A successive compression-expansion cycles of
the diblock copolymer and the mixture of homopolymers per-
formed at up to 15mNm-1 at 20 �C. The coincidence of the three
cycles obtained with the diblock copolymer (Figure 2A) indicates
no loss of material into the subphase. However, the compres-
sion-expansion cycles are not completely reversible because the
expansion plateau is above the compression plateau. This small
hysteresis in the plateau region can be ascribed to both the

additional hydration of PDMA chains after immersion into the
subphase and to steric hindrance.

A different trend was obtained for the mixture of homopoly-
mers (Figure 2B). The successive π-A compression isotherms
deviate strongly to smaller areas per segment, indicating the
progressive loss of PDMA into the subphase. However, the loss
is not complete, and the plateau of the second compression
isotherm (bold red line) recovers approximately one-third of the
first compression plateau (bold black line), which means that a
significant amount of PDMA remains at the interface after the
first expansion, probably because of interaction or entanglement
with PDEA chains.

Effect of Temperature. Figure 3 shows the π-A isotherms of
the diblock copolymer (A) and the PDEA and PDMA homo-
polymers (B) at the water subphase in the temperature range of
10-40 �C. The thermoresponsive behavior of the PDEA homo-
polymer at the air-water interfacewas previously studied28 and it
was found that themost significant effect on theπ-A curves is the
increase in the plateau surface pressure with the temperature.
Although attenuated, the same trend was obtained with the RhB-
PDMAhomopolymer (B). In the 10-40 �C temperature interval,
the RhB-PDMA207-b-PDEA177 diblock copolymer isotherm is
close to the weighted sum of the two homopolymer isotherms, as
was illustrated for 20 �C (Figure 1). The variation of the π-A
isotherms of mixed homopolymers with temperature (not shown)
is similar to that presented in Figure 3A for the copolymer. This
suggests that the PDMA and PDEA blocks in a diblock copoly-
mer or amixture of these polymers behaves almost independently
at the air-water interface, irrespective of temperature.
LB Monolayers. Effect of Temperature. Monolayers of

the diblock copolymer (D) were transferred at low (3 mN m-1)
andhigh (15mNm-1) surface pressures anddifferent temperatures

Figure 2. Successive π-A compression-expansion cycles for (A)
the RhB-PDMA207-b-PDEA177 diblock copolymer and (B) for the
mixed PDEA and RhB-PDMA homopolymers, performed at up
to 15 mN m-1 at 20 �C.

Figure 3. π-A isotherms of (A) the RhB-PDMA207-b-PDEA177

diblock copolymer and (B) PDEA and RhB-PDMA homopoly-
mers at the water subphase in the temperature range of 10-40 �C.
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onto clean glass substrates. Figures 4-6 show LSCFM images of
the LBmonolayers and the RhB fluorescence spectra acquired in
different (1-μm-diameter) regions of the film. Figure 4A shows
images of LB monolayers transferred at 3 mN m-1 and two
different temperatures: 20 �C (D20p3) and 27 �C (D27p3).
The main feature observed at low to room temperature is the
appearance of sparse brightmicrodomains (1 to 2 μm indiameter)
dispersed in a less fluorescent matrix.

Fluorescence spectra (Figure 4B) recorded in several (1-μm-
diameter) regions of the film show that besides the monomer
emission band centered at ca. 570 nm another intense band
appears at ca. 590 nm with a shoulder appearing frequently at
longer wavelengths (620-640 nm). Rhodamine B is known to
form both fluorescent (J-type) and nonfluorescent (H-type)
dimers depending on the relative orientation of the dyes.32,33

Two types of fluorescent (J-type) dimers have been observed: (i) a
sandwich-type dimer (d1) with emission centered at λd1

max =
590 nm, slightly shifted to the red compare to the monomer
emission (λm

max= 570 nm) and (ii) a dimer with oblique geometry
(d2) with the fluorescence around λd2

max = 620 nm shifted to the
red compared to that of the sandwich-type (d1) dimer. The
fluorescence spectrum of rhodamine in the matrix (curve m) is
essentially composed of the sum of the monomer and the d1-type
emissions with relative intensities varying from one region to the

Figure 4. (A) LSCFM images of LB monolayers of the RhB-
PDMA207-b-PDEA177 diblock copolymer (D), transferred onto
glass substrates at low surface pressure (3 mN m-1) and several
temperatures (20 �C (D20p3) and 27 �C (D27p3)). The image size is
10 � 10 μm2. (B) Fluorescence spectra acquired in 500-nm-radius
regionsof theD20p3 film:brightdomains (b1, b2) and thematrix (m).

Figure 5. (A) LSCFM images of LB monolayers of the RhB-
PDMA207-b-PDEA177 diblock copolymer (D), transferred onto
glass substrates at low surface pressure (3 mN m-1) and several
temperatures (35 �C (D35p3) and 40 �C (D40p3)). The image size is
10� 10 μm2. (B) Fluorescence spectra acquired in several 500-nm-
radius regions of theD40p3 film: bright domains (b1, b2), thematrix
(m), and dark domains (d).

Figure 6. LSCFM images of LB monolayers of RhB-PDMA207-
b-PDEA177 transferred at π = 3 mN m-1 (first column) and π =
15 mN m-1 (second column) at constant temperature: D20p3 and
D20p15 at 20 �C, first row; D35p3 and D35p15 at 35 �C, second row;
D40p3 andD40p15at 40 �C, third row.The image size is 50� 50μm2.

(32) Kemnitz, K.; Tamai, N.; Yamazaki, I.; Nakashima, N.; Yoshihara, K. J.
Phys. Chem. 1986, 90, 5094–5101.

(33) Yeroshina, S. A.; Ibrayev, N. K.; Kudaibergenov, S. E.; Rullens, F.;
Devillers, M.; Laschewsky, A. Thin Solid Films 2008, 516, 2109–2114.
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other. RhB emission is broader and shifted to the red in the bright
regions (curves b1 and b2), indicating a stronger aggregation of the
dyes. The aggregates are essentially formed by d1-type dimers,
with emission centered at 590 nm.

At higher temperature (Figure 5A, D35p3 and D40p3 at 35 and
40 �C, respectively), the pattern changes drastically into a foam-
like complex structure composedof three distinct regions (circular
dark domains, bright rings, and a fluorescent matrix). At 35 �C,
instead of the isolated bright microdomains observed at low
temperature, bright rings form around large dark domains of
variable diameter (2-8 μm). These domains are organized in a
foamlike structure dispersed in a heterogeneous fluorescent
matrix (a superstructure appearing to have fractal morphology).
The heterogeneity of the LSCFM images increases with tempera-
ture: image D40p3 (40 �C) is more heterogeneous than image
D35p3 (35 �C). This is clear in the large-scale D40p3 panel of
Figure 6, where the foamlike structure of high contrast coexists
with regions of low contrast (brighter regions). In the low-
contrast regions, the dark domains become smaller and less dark
than those observed in the foam regions and the bright micro-
domains reappear, with some of them nucleating inside the dark
domains.

The RhB fluorescence in the bright regions (curve b1 in
Figure 5B) is composed of both the monomer and the broad
emission of d1, whose contribution seems to dominate. This is
probably due to a larger proportion of fluorescent ground-state
dimers, but we cannot exclude the dimer fluorescence contribu-
tion resulting from the F€orster resonance-energy transfer (FRET)
from the electronically excited monomers. The energy migration
among neighboring RhB molecules enhances the energy transfer
to dimers with the consequent decrease in the monomer fluores-
cence. The electronically excited dimer (d1) can still fluoresce or
transfer energy to a lower-energy dimer (d2) or other aggregates.

34

The decrease in fluorescence intensity detected in other fluores-
cent regions (curve b2) is associated with an increase in monomer
emission, which is certainly caused by a different organization of
the dyes with larger average dye-to-dye distances. The fluores-
cence emission observed in the dark regions (curve d), where RhB
dyes are more separated, is composed of monomer and dimer
emissions resembling the spectra observed in the fluorescent
matrix at low temperatures, where the monomer contribution is
significant (Figure 4B, curve m). The spectrum collected in the
matrix (curve m) seems to be in between those recorded in the
bright and dark regions.

The images shown in Figures 4A and 5A reveal the schizo-
phrenic behavior of the RhB-PDMA207-b-PDEA177 diblock
copolymer with temperature. At low temperature, (Figure 4A)
the RhB-PDMA block dominates the interior of the fluorescent
microdomains (RhB-PDMA-core aggregates), switching to the
outside for films deposited at temperatures above the LCST of
PDEA (Figure 5A), with the interior becoming richer in PDEA
(PDEA-core aggregates).

Below the LCST of PDEA (∼32 �C), both the PDEA and
PDMA blocks are hydrophilic. Despite the chemical and struc-
tural similarities between PDEA and PDMA, the π-A isotherms
indicate distinct affinities of these homopolymers for the water
subphase (Figure 1). In the low-pressure regime (π<6mNm-1),
both blocks adsorb at the interface and the LB films transferred
onto hydrophilic substrates at 3 mN m-1 reproduce the mono-
layer structure of the diblock copolymer at the air-water inter-
face. Because the PDMAblock is end labeledwith rhodamine, the

bright fluorescent microdomains reveal PDMA-rich domains.
Rhodamine dye has a high tendency to aggregate in solution
(water,methanol, and ethanol) andwhen incorporated into solid-
state matrixes and LB films.32-35 The rhodamine aggregates can
already be present in the spreading solution and/or formed
during the encounter of dye-labeled polymer chain ends during
chloroform evaporation after spreading. The rhodamine aggre-
gates are present in both the matrix and in bright domains
(Figure 4B). The fluorescence of the matrix suggests the partial
miscibility of PDEA and PDMA at the air-water interface
whereas the sparse bright microdomains indicate a high density
of rhodamine mostly forming dimers and eventually higher-order
aggregates. However, the apparent homogeneity of the matrix,
observed on the LSCFM images, can occult microheterogeneities
compatible with partial miscibility that are visible only at higher
spatial resolution.

At T g 32 �C, the thermoresponsive PDEA block becomes
hydrophobic but the PDMA block remains hydrophilic. Conse-
quently, the PDEA blocks self-aggregate, forming dark domains
of PDEA surrounded by a bright fluorescent ring ofRhB-PDMA
(Figure 5). Therefore, we believe that at T < 32 �C the PDMA-
core domains are induced by the self-aggregation of rhodamine
whereas at T g 32 �C it is the hydrophobicity of PDEA that
determines the new morphology.

Most of the dark domains in image D35p3 present diameters
much larger than the length of two single chains of the RhB-
PDMA207-b-PDEA177 diblock in its extended conformation.
(The theoretical length of one fully extended chain is around
102 nm.) This implies that most of the dark domains must also
include the dye (Figure 5B, curve d). In fact, a deeper analysis of
the large, dark domains reveals smaller domains surrounded by
fluorescent rings with a self-similar morphology typical of a
fractal structure. This is clear in Figure SI.2, which is an
amplification of a small area of image D35p3 in Figure 6. The
fluorescence intensity can be lowered at high temperature owing
to the percentage increase in rhodamine nonfluorescent H dimers
with respect to fluorescent J dimers.36

At 40 �C, the dark domains become smaller and the bright
microdomains reappear (bottom image D40p3 in Figure 6). This
indicates that the self-segregation of PDEA induced by increasing
temperature, bringing together the covalently bounded RhB-
PDMA blocks, favors rhodamine aggregation and the conse-
quent reappearance of the bright fluorescent domains. However,
the spectra are broader in D40p3 (Figure 5B) than in D20p3
(Figure 4B), owing to a larger contribution of the monomer
emission at 40 �C. This indicates a change in dye organization
induced by the core-shell inversion.

Effect of Surface Pressure. Figure 6 shows LB monolayers
transferred at π= 3mNm-1 (left column) and π= 15mNm-1

(right column) at several temperatures. At 20 �C (top row), the
shape and size of the very bright microdomains are nearly
invariant with surface pressure, but the number density increases
drastically in the film transferred above the plateau of the π-A
isotherm (D20p15) when compared to that observed at low
pressure (D20p3). In fact, the domain density increases much
more than the estimated (3:1) area reduction from the monolayer
compression. This means that the number of microdomains
increases with the surface pressure increase (i.e., new domains
appear during the compression of the monolayer).

(34) Arbeloa, F. L.; Ojeda, P. R.; Arbeloa, I. L. J. Chem. Soc., Faraday Trans. 2
1988, 84, 1903–1912.

(35) Malfatti, L.; Kodchob, T.; Aiello; Daniela; Testa, R.; Innocenzi, P. J. Phys.
Chem.C 2008, 112, 16225–16230.

(36) Vuorimaa, E.; Ikonen, M.; Lemmetyinen, H. Chem. Phys. 1994, 188, 289–
302.
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In the low-pressure regime (below the first plateau), both the
PDEA and RhB-PDMA blocks adsorb at the interface. Upon
compression to the plateau regime, RhB-PDMA (covalently
bound to the PDEAblock) immerses into the subphase, adopting
a mushroom-like conformation. Consequently, the morphology
and thickness of the LB films transferred onto the hydrophilic
glass substrate at surface pressures above the plateau should
reflect the different distribution of chains at the air-water inter-
face. Such an arrangement of blocks at the interface is responsible
for LB films with double-layer structure: the RhB-PDMA-rich
layer is in contact with the hydrophilic substrate whereas the
PDEA-rich layer stays above the substrate. This distribution is
supported by the preliminary AFM image of the D20p15 LB film
(Figure SI.3). This structure favors rhodamine interaction in the
PDMA-rich layer, resulting in the density increase for bright
microdomains.

At 35 �C and surface pressure above the plateau (D35p15), the
diameter of dark domains is reduced, promoting the formation of
bright microdomains (absent at low pressures) in the exterior of
the dark domains. As described before, when the film is trans-
ferred the rhodamine-rich microdomains formed in the immersed
hydrophilic layer of RhB-PDMA are deposited directly onto the
substrate, underneath the PDEA-rich layer. The dark domains in
image D35p15 are smaller than the dark domains in D35p3 as a
consequence of the decrease in area resulting from compression.
Simultaneously, the contrast between the dark interior and the
bright exterior of the domains is lower for higher pressure because
of the higher density of rhodamine in the film.

At 40 �C, the film structure strongly depends on the deposi-
tion pressure. The images of films deposited at 3 mN m-1

(D40p3) show a complex fractal-like foam structure, and the
films deposited at 15 mN m-1 (D40p15) show a dense distribu-
tion of very bright microdomains in a nearly homogeneous
fluorescent matrix. Two factors might contribute to the ab-
sence of dark domains in image D40p15. First, the reduction in
surface area due to compression probably induces the formation
of dark domains with sizes that are less than the spatial resolution
of LSCFM. Second, in the double-layer structure of the LB film,
the dark domains might become undetectable because of the
brightness of the microdomains formed in the RhB-PDMA-rich
layer underneath. The appearance of a double-layer structure in
LB films transferred at surface pressures above the plateau
(D20p15, D35p15, and D40p15) can be explained by two factors:
(i) the hydrophobic aggregates formed at pressures below the
plateau form the top layer; and (ii) the RhB-PDMA chains
immersed at the plateau surface pressure assemble to form the
layer in contact with the substrate.

The patterns observed in LB films formed at low pressures
(3 mN m-1) in the monolayer regime depend on the deposition
temperature (Figure 6, left column), and the patterns observed in
films deposited at 15mNm-1 (above the plateau surface pressure)
are quite similar at 20 and 40 �C (Figure 6, right column). At
20 �C, the patterns that result at both low and high surface
pressures are formed by the brightmicrodomains ofRhB-PDMA
distributed in a fluorescent matrix. At 35 �C, dark domains
surrounded by bright rings are formed at low pressures and
coexist with the bright microdomains resulting from the immer-
sion of RhB-PDMA in the subphase occurring at the plateau
surface pressure. Finally, at 40 �C, the small, dark domains
resulting from the hydrophobic aggregates are formed at pres-
sures below the plateau (D40p3). The changes observed by
increasing the temperature from 35 to 40 �C can be explained
by a synergetic effect. Above the LCST, the increase in
temperature increases the thermoaggregation of PDEA that

simultaneously drags together the RhB-PDMA blocks. This
enhances the nucleation and fusion of bright domains, which in
turn mask the small, dark domains of the top layer.

Mixture ofHomopolymers.Figure 7A shows confocal images
of mixed homopolymers (M) with a 1:1 segmental ratio trans-
ferred onto glass substrates at a low surface pressure (3 mNm-1)
at 20 �C (M20p3) and 35 �C (M35p3).

At 20 �C, two distinct patterns were observed: the left image,
M20p3, in Figure 7A displays circular dark domains of variable
size dispersed in a bright fluorescentmatrix; the right image in the
same Figure presents dark domains of different shapes, from
nearly circular to long stripes, in a heterogeneous matrix. These
patterns appear in different regions of the film. The two patterns
arise from the organization of the polymers in three coexisting
phases: circular or striped dark domains of the less-hydrophilic,
unlabeled component PDEA; bright rings of RhB-PDMA
surrounding the circular dark domains; and the fluorescent back-
ground resulting from thepartialmiscibility of these homopolymers

Figure 7. (A) LSCFM images of LBmonolayers of themixture of
homopolymers (M) transferred onto glass substrates at low surface
pressure (3mNm-1) and several temperatures (20 �C (M20p3) and
35 �C (M35p3)). Image size 50� 50 μm2. (B) Fluorescence spectra
acquired in several 500-nm-radius regions of films M20p3 and
M35p3: bright domains (b), the matrix (m), and dark domains (d).
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at the air-water interface. The spreading of the homogeneous
solution of the homopolymers in chloroform leaves a mixture of
polymers at the air-water interface, stabilized by hydrogen
bonding with the water subphase. The diffusion of these polymer
chains in the two dimensions of the monolayer is restricted,
preventing the complete phase separation expected by the un-
favorable enthalpy and small entropy of mixing.

Temperature increasing to 35 �C (M35p3) favors the phase
separation of the polymers: the dark domains and the bright rings
increase in size whereas the area of the weakly fluorescent back-
ground decreases. The high contrast between dark domains and
bright rings is associated with the presence of pure PDEA and
RhB-PDMA phases in the mixture, confirming the lower mis-

cibility of PDEA and RhB-PDMA in the homopolymer mixture.
At 40 �C, the general pattern of the image becomes more
heterogeneous and complex. Dark domains prevail in some
regions but the bright domains associate in other regions, suggest-
ing that phase separation increases with temperature as a result of
the increase in PDEA hydrophobicity.

TheRhB fluorescence spectra of themixtures (Figure 7B) in the
fluorescent regions at low temperature (20 �C, M20p3) show a
higher contribution of d1 dimers in the bright regions (curve b)
than in the matrix (curve m), in accordance with the correspond-
ing spectra of the block copolymer (D20p3, Figure 4B). The
fluorescence spectra of the mixtures at 35 �C (M35p3) show that
despite the difference in intensity the shapes of the spectra (curves
b and m) are identical. The spectra of bright domains at 35 �C
have a larger contribution of monomers to dimers than at 20 �C,
probably resulting from a conversion of fluorescent to nonfluor-
escent dimers with increasing temperature.36

The M20p3 image of the mixture (Figure 7A) and the corre-
spondingD20p3 image of the diblock copolymer (Figures 4A and
6) are substantially different: the bright microdomains of D20p3
were not observed in the mixtures of homopolymers whereas the
dark domains in M20p3 were not observed in D20p3. A common
feature is the fluorescent matrix that results from PDEA and
PDMAmixing. The absence of dark domains inD20p3 indicates a
higher miscibility of PDEA and PDMA in the diblock copolymer
than in the homopolymer mixture inM20p3. However, we cannot
exclude the existence of very small PDEA domains (dark
domains) in the copolymer film that cannot be resolved by the
confocal microscope. Furthermore, the high density of rhoda-
mine in the bright rings surrounding the PDEA dark domains of

Figure 8. AFMphase images of the LBmonolayer of the mixture
of PDEA and RhB-PDMA homopolymers transferred onto glass
at 3 mN m-1 and two temperatures (20 �C (M20p3) and 35 �C
(M35p3)). These images do not illustrate the increase in ring
diameter with temperature because the short scale ofM35p3 shows
only the small domains.

Figure 9. (A) LSCFM images at T<LCST and at T>LCST illustrating the core-shell inversion by temperature increase (schizophrenic
behavior of DHBC). (B) Schemes of conformational changes of the RhB-PDMA207-b-PDEA177 diblock copolymer. PDEA block (black),
PDMA block (gray), and rhodamine (green).
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M20p3 indicates the preferential location of the dye in the vicinity
of the ethyl groups of PDEA. The absence of large dark domains
in the copolymer film at low temperatures is attributed to the
block connectivity that favors rhodamine aggregation instead of
the interaction with the hydrophobic groups of PDEA. Indeed,
the tendency of rhodamine to aggregate to form d1 dimers leads to
the formation of a few very bright regions in the PDMA-rich
domains dispersed in a weakly fluorescent matrix (Figure 4B).

Confocal images of the mixed homopolymers transferred at a
pressure above the plateau (15 mN m-1) show bright microdo-
mains in a darkmatrix. (Figure SI.4 shows imageD20p15 at 20 �C;
similar images were obtained at 35 and 40 �C.) This observation
indicates that a significant portion of the RhB-PDMA homo-
polymer is retained in the film at high surface pressure, above the
plateau, possibly anchored by chain entanglement and/or rhoda-
mine aggregates. This is in agreement with the results obtained in
successive compression-expansion cycles (cf. Figure 2).

Finally, in Figure 8, we show AFM phase images of LB
monolayers of mixed homopolymers transferred at 3 mN m-1

and several temperatures (20 �C (M20P3) and 35 �C (M35p3)). The
foam structure was detected only in phase mode, indicating that
the film height is nearly homogeneous or that the small height
variations involved cannot be detected with these substrates. The
film structure is composed of rings of RhB-PDMA enclosing the
more hydrophobic PDEA domains. The lower elasticity of the
rings of RhB-PDMA, owing to the rhodamine interaction, was
detected in AFM phase-mode scans. However, the peculiar foam
pattern observed in the LSCFM images of DHBC above the
LCST of PDEA was not detected in topographic or phase AFM
modes. This is probably because the covalent bond between the
two blocks inhibits the phase separation of PDEA and PDMA,
inducing the formation of domains of undistinguishable elasticity
in AFM phase images.

Concluding Remarks

The analysis of the π-A isotherms suggests that PDEA and
PDMA behave almost independently at the air-water interface
either when covalently bonded in the DHBC or as a mixture of
homopolymers. However, LSCFM images of LB monolayers
transferred at several temperatures give new insight into the
thermoresponsive behavior of the DHBC, revealing an unex-
pected core-shell inversion of the film structure (Figure 9A). At
temperatures below theLCSTofPDEA,brightRhB-PDMA-rich
(core)microdomains formed, probably because of the tendency of
rhodamine to aggregate.32 At temperatures above the LCST of
PDEA, DHBC organizes with PDEA chains in the center of
(dark-core) domains, surrounded by bright rings ofRhB-PDMA.
This indicates that when the temperature is increased above the
LCST of PDEA the self-segregation of the thermoresponsive
block into the hydrophobic globule (PDEA-core) forces the

RhB-PDMA chains to organize around the PDEA dark cores,
forming bright rings.

In Figure 9B, we show 2D schemes illustrating the variation of
the DHBC organization with temperature. At low temperature
(left), both blocks are hydrophilic and spread at the air-water
interface; the bright core domains result from a high density of
rhodamine aggregates. Increasing temperature (middle) promotes
conformational changes or a reorientation of the chains. Above
its LCST (right), PDEA becomes hydrophobic and consequently
self-aggregates into dense cores (2D globules). It is worth noting
that at low temperature (left) the parallel alignment of the PDEA
blocks leads to the formation of dark parallel stripes besides the
bright microdomains (green cores). In fact, the stripe pattern was
not detected in the DHBC films (D20p3) probably because of the
miscibility of the two blocks at the interface for T < LCST.
However, the stripe pattern was observed in a few samples of
mixed homopolymers at 20 �C (M20P3 in Figure 7A). The foam-
like superstructure displayed by diblock copolymer RhB-
PDMA207-b-PDEA177 at T > LCST suggests the potential
applicability of this DHBC as a novel surfactant.23

For the homopolymer mixture, the free chains of PDEA are
able to self-segregate into wider dark domains observable by
LSCFM, but the core-shell inversion due to increasing tempera-
ture does not occur. The bright domains observed in the copoly-
mers at 20 �C (D20p3) are due to the aggregation of rhodamine.
These domains, not observed in the mixture of homopolymers
(M20p3 and M35p3), are partially destroyed by increasing tem-
perature and polymer segregation above the LCST of PDEA
(D35p3).

From the above discussion, we conclude that the schizophrenic
behavior of DHBC results from the synergism of the thermore-
sponsive behavior of PDEA, the aggregation of rhodamine at the
end of PDMA chains, and the covalent bonding between blocks.
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