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The behavior of a poly(N,N-dimethylacrylamide) hydrophobically modified by incorporating 0.33 mol
% of a pyrenyl derivative, [4-(1-pyrenyl)butyl]amine hydrochloride (PY) and 3.56 mol % of dodecylamine
(DO) has been studied at the air/water interface. Surface pressure-area isotherm measurements show
that the film is initially anchored by the hydrophobic groups at the air-water interface with a pancake-like
structure and, with increasing surface pressure, evolves to a quasi mushroom structure, finally reaching
a brush configuration at high pressures. Monolayers of this polymer were transferred to silica substrates
using the Langmuir-Blodgett (LB) technique at 5, 15, and 25 mN‚m-1. The properties of the LB films were
studied by steady-state and time-resolved fluorescence as well as by atomic force microscopy. The results
show that the aggregates formed at low pressures are disrupted by pressure increase, while the water-
soluble poly(N,N-dimethylacrylamide) becomes dissolved in the water subphase.

Introduction

The presence of polymers at surfaces and interfaces is
important in many industrial applications such as adhe-
sion, lubrication, and stabilization of colloidal disper-
sions.1,2 Although many applications reside on the ad-
sorption of copolymers at the solid-water interfaces, their
characterization is not straightforward because it is
difficult to control the amount of adsorbed polymer.1,3 The
Langmuir-Blodgett (LB) technique offers the required
control and therefore provides a very convenient method
to prepare thin polymer films at the air-water interface,
which can later be deposited onto different substrates.

Information on the two-dimensional self-assembly
properties4 and conformational changes of the polymer
chains induced by compression of the floating film can be
derived from surface pressure-area measurements.5-7

Further characterization of the interfacial structure of
these polymer films can be obtained in situ or after
transferring the floating layer to solid substrates by the

LB technique. Ultrathin molecularly ordered high-quality
films, with controlled thickness, obtained by this technique
provide fascinating possibilities for molecular design. For
these reasons, the LB films are more appropriate than
films obtained by the spin-coating technique for the
production of resists for nanolithography.8 In addition,
polymer films show better mechanical and thermal
stability than their low molecular weight amphiphilic
counterparts.

In recent years, many LB films of diblock, triblock, and
star block copolymers with different compositions (hy-
drophobic and hydrophilic blocks) and chain lengths were
studied.9 However, although LB films of hydrophobic
acrylamide monomers were studied by Miyashita,10 as
far as we know, hydrophobically modified copolymers of
water-soluble acrylamide monomers were not yet used to
prepare thin films by the LB technique.

To obtain well-defined polymer films with controlled
thickness, it is crucial to prepare polymers that have a
well-controlled architecture and narrow molecular weight
distribution. We used reversible addition-fragmentation
chain transfer polymerization (RAFT)11-13 to obtain dif-
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ferent copolymers of dimethylacrylamide (DMA) and
N-acryloxysuccinimide (NAS), because this process was
found to be the most efficient for controlled radical
polymerization of acrylamide monomers.14-24 The obtained
copolymers contain reactive NAS groups that allow us to
statistically graft different side groups to the chain. In
this work, a random poly(DMA-co-NAS) was hydropho-
bically modified by incorporating 0.33 mol % of pyrene
groups and 3.56 mol % of dodecyl groups. The resulting
hydrophobically modified poly(DMA), consisting in a poly-
(DMA) main chain with grafted alkyl side chains and
fluorescentgroups, showsassociativeproperties inwater.25

The hydrophobic groups associate and form hydrophobic
domains that act as transient cross-links connecting
polymer chains. The solution properties of water-soluble
copolymers have been studied extensively for their many
current and potential biomedical26 and industrial ap-
plications, suchaspaperproductionandcoating,27,28 water-
borne coatings and paints,29 oil recovery,30 stabilization
of colloidal dispersions,31-34 and water purification.35

The presence of hydrophobic groups linked to the
polymer backbone dramatically affects the polymer prop-
erties, namely, decreasing its water solubility and pro-
moting the anchoring of the polymer at the air-water
interface. Water forms an entropically unfavorable, icelike,
organized structure around the hydrophobic groups,
forcing these groups to associate or adsorb at the surface
in order to minimize water structuring. Both the hydro-
phobic association and the surface-anchoring effect depend
on factors such as the degree of hydrophobic modification
of the polymer, its microstructure, and concentration. At
low polymer concentrations and high hydrophobe density,
intrapolymer hydrophobic associations lead to compact,

globular conformations of the polymer chains. On the other
hand, interpolymer associations can occur at lower
hydrophobic content and polymer concentrations above
the overlapping concentration. In both cases, organized,
hydrophobic microdomains with micelle-like properties
are expected to form, either inside the solution or at the
air-water interface.

In this work, we determined the π-A isotherms of
hydrophobically modified poly(DMA) and deposited LB
films on silica substrates at different pressures. The films
were characterized by atomic force microscopy (AFM) and
by static and time-resolved fluorescence. The structure of
these films changes with the deposition pressure. At low
pressure we found large aggregates of interconnected
chains held together by the hydrophobic groups. Increasing
the deposition pressures, the size of the aggregates
decreases and they become more compact to finally
originate an homogeneous thick brush structure of tightly
packed chains anchored at the surface by the hydrophobic
groups, before the structure collapses.

Experimental Section

Reagents and Solvents. N,N-Dimethylacrylamide (DMA)
(Aldrich, 99%) was distilled under reduced pressure (75 °C; 10
mmHg) to remove inhibitor. The comonomer, N-acryloxysuc-
cinimide (NAS), was synthesized as previously published.36 2,2′-
Azobis(isobutyronitrile) (AIBN) (Fluka, 98%) was purified by
recrystallization from ethanol and tert-butyl dithiobenzoate
(tBDB) was synthesized by an one-step process resulting in a
very high yield and purity.37,38 N,N-Diisopropylethylamine
(Aldrich, 99.5%) and dimethylformamide (Aldrich, 99.8%) were
dried and distilled under reduced pressure. 1,4-Dioxane (Acros,
99%) was distilled over LiAlH4 (110 °C) and stored at 4 °C under
nitrogen. Dodecylamine (Aldrich, 98%), dimethylamine (Aldrich,
99+%), trioxane (Acros, 99%), diethyl ether (SDS, 99.5%), and
dichloromethane (SDS, 99.9%) were used without further
purification. Details about the synthesis of the pyrene derivative
[4-(1-pyrenyl)butyl]amine hydrochloride are reported else-
where.39

Poly(N,N-dimethylacrylamide-co-N-acryloxysuccinim-
ide), poly(DMA-co-NAS). A random copolymer, poly(DMA-co-
NAS) (80:20), was synthesized by reversible addition-fragmen-
tation chain transfer (RAFT) polymerization of DMA with NAS
(initial DMA/NAS ratio of 80:20) using AIBN as initiator and
tBDB as RAFT chain transfer agent (Chart 1). Details of similar
RAFT polymerization experiments are described in ref 24. DMA
(3.07 g; 31 mmol), NAS (1.3105 g; 7.75 mmol), AIBN (0.5 mg;
0.003 mmol), tBDB (6.6 mg; 0.031 mmol), trioxane (0.2915 g;
3.24 mmol), and dioxane (21.81 mL) were introduced in a Schlenk
tube equipped with a magnetic stirrer. The mixture was degassed
by five freeze-pump-thaw cycles and then heated at 90 °C
under nitrogen in a thermostated oil bath. Samples were period-
ically withdrawn from the polymerization medium.

The final product was precipitated in diethyl ether, recovered
by filtration, washed several times with the same solvent, and
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finally dried under vacuum up to constant weight. The complete
elimination of residual monomers was confirmed by 1H NMR
analysis.

Polymer Molecular Weight and Composition. To follow
the polymerization kinetics of poly(DMA-co-NAS), individual
monomer conversions were determined by 1H NMR using a
Bruker Avance 200 MHz spectrometer. Trioxane, which has no
influence on the free radical process, was used as internal
reference.40 From these DMA and NAS conversion values, the
molar composition of the final poly(DMA-co-NAS) sample was
obtained.

Number average molecular weight (Mn) and polydispersity
index (PDI) of the random poly(DMA-co-NAS) were determined
by aqueous size exclusion chromatography (SEC/LS) (borate
buffer pH ) 9.3, 0.05 mol‚L-1, two Waters Ultrahydrogel columns
2000 and 500 Å, a DRI Waters 410 differential refractometer,
and a Wyatt three-angle MiniDAWN light scattering detector).
Analyses were performed by injection of 200 µL of polymer
solution (5 mg‚mL-1) in borate buffer. The specific refractive
index increment (dn/dc) of thepoly(DMA-co-NAS)wasdetermined
in the same eluent (0.150) with a NFT ScanRef monocolor
interferometer operating at 633 nm. The molecular weight and
polydispersity data were determined using the Wyatt ASTRA
SEC/LS software package.

Modification of Poly(DMA-co-NAS). Random poly(DMA-
co-NAS) was hydrophobically modified with 0.33 mol % of a
pyrenyl derivative, [4-(1-pyrenyl)butyl]amine hydrochloride39

(PY), and 3.56 mol % of dodecylamine (DO) via substitution of
the ester-active moieties (Scheme 1).41 N,N-Diisopropylethyl-
amine (0.0141 g; 0.1096 mmol) was added to a solution of [4-(1-
pyrenyl)butyl]amine hydrochloride (0.0085 g; 0.0274 mmol) and
poly(DMA-co-NAS) (0.6286 g, corresponding to 1.264 mmol of
NAS units) in DMF (20 mL), in a round-bottom flask equipped
with a magnetic stirrer. The reaction mixture was purged with
nitrogen for several minutes and then placed in a thermostated
oil bath at 40 °C. After 24 h, dodecylamine (0.0500 g; 0.2697
mmol) was introduced into the flask and the labeling reaction
was continued at room temperature, in the dark and under
nitrogen atmosphere for 24 h more. Finally, any remaining NAS
units were capped by bubbling dimethylamine gas into the

reaction mixture. The polymer was isolated by precipitation in
cold diethyl ether. It was further purified by successive precipi-
tations from a dichloromethane solution into cold diethyl ether
and dried under vacuum up to constant weight.

Labeling Efficiency. The final content of 4-(1-pyrenyl)butyl
groups in the labeled polymer, poly(DMA/PY0.3/DO3.6), was
obtained from UV absorption data of a series of polymer aqueous
solutions containing sodium dodecyl sulfate (SDS, 0.10 M)
usingaShimadzuUV-3101PCspectrometer. [4-(1-Pyrenyl)butyl]-
amine hydrochloride was used as reference (ε345nm ) 37300
dm3‚mol-1‚cm-1 in SDS solutions). The presence of the alkyl side
chains in the poly(DMA) polymer interferes with the correct
determination of the pyrene content in the usual solvent,
methanol. Sodium dodecyl sulfate aqueous solutions seemed to
be a good alternative since the SDS micelles, formed at
concentrations higher than the critical micelle concentration (8
mM),42 keep the hydrophobic units isolated, avoiding aggregation.
The dodecyl group content was determined by 1H NMR spec-
troscopy in deuterated water. In Table 1, we summarize the
characteristics of the poly(DMA/PY0.3/DO3.6) chain.

Film Balance Measurements. The surface pressure-area
(π-A) isotherms were obtained in a KSV 5000 Langmuir-
Blodgett system (KSV Instruments Ltd., Helsinki), installed in
a laminar flow hood. The water used in the subphase was purified
with the Millipore Milli-Q system, to obtain resistivities as high
as 18 MΩ‚cm, at pH 5.7. The surface pressure measurements
were performed with the Wilhelmy plate technique.

A 0.5 g‚L-1 solution of poly(DMA/PY0.3/DO3.6) was prepared in
dichloromethane. Known volumes of the solution were spread
on the water surface by using a SGE gastight microliter syringe.

(40) D′Agosto, F.; Charreyre, M.-T.; Véron L.; Llauro M-F.; Pichot,
C. Macromol. Chem. Phys. 2001, 202, 1689.

(41) Piçarra, S.; Relógio, P.; Afonso, C. A. M.; Martinho, J. M. G.;
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(42) Durand, A.; Hourdet, D Polymer 2000, 41, 545. Mylonas, Y.;
Staikos, G. Langmuri 2001, 17, 3586. Gilanyi, T.; Varga, I.; Meszaros,
R.; Filipcsei, G.; Zrinyi, M. Langmuir 2001, 17, 4764.

Scheme 1

Table 1. Characteristics of Poly(DMA/PY0.3/DO3.6)

molar mass (Mn)a 49 200 g‚mol-1

polydispersity index (PDI)a 1.21
molar composition (before

labeling)b
0.77 DMA and 0.23 NAS

pyrene contentc 0.33 mol % (1.7 PY groups/chain)
dodecyl contentb 3.56 mol % (18.4 DO groups/chain)

a Determined by aqueous SEC/LS. b Determined by 1H NMR.
c Determined by UV absorption.
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Two mobile barriers, moving at a constant speed of 10 mm‚min-1,
symmetrically compressed the floating layer after complete
evaporation of the solvent (15 min). The temperature of the
subphase was maintained at 20.0 ( 0.2 °C by a water bath
circulator, and the π-A isotherms were recorded several times.

LB Deposition. The floating layer at the air-water interface
was transferred to silica substrates by the vertical dipping
method. Silica substrates were cleaned by immersion in acetone
for several hours, dried, immersed in a concentrated chromic-
sulfuric acid mixture for 5 min and then in a saturated EDTA
solution for another 5 min, thoroughly rinsed with Milli-Q water,
immersed in ultrapure water, and finally dried in a nitrogen
flow before using. The substrates were clamped parallel to the
barriers and immersed in the subphase before spreading the
monolayer material. After complete evaporation of the solvent,
the floating layer was compressed until the target surface
pressure. After a relaxation period, the deposition was performed
at constant surface pressure with a deposition rate of 2 mm‚min-1.

Atomic Force Microscopy. A D3100 with a Nanoscope IIIa
controller from Digital Instruments (DI) was used to obtain the
AFM images. The measurements were performed in tapping mode
under ambient conditions. A commercial tapping mode etched
silicon probe from DI and a 90 × 90 µm2 scanner were used.
Images consist of raster scanned, electronic renderings of the
sample surfaces.

Fluorescence Measurements. Fluorescence spectra of poly-
(DMA/PY0.3/DO3.6) LB films were recorded on a SPEX Fluorolog
F112A fluorometer at room temperature. Emission spectra were
recorded between 370 and 600 nm using 346 and 360 nm as
excitationwavelengths.Excitationspectrawererecordedbetween
250 and 360 nm using 378, 420, and 467 nm as emission
wavelengths. Time-resolved fluorescence intensity decays with
picosecond resolution were obtained by the single-photon timing
technique using laser excitation at 340 nm. The system consists
of a mode-locked Coherent Inova 440-10 argon ion laser
synchronously pumping a cavity dumped Coherent 701-2 dye
laser using DCM, which delivers 5-6 ps pulses at a repetition
rate of 460 kHz. The fluorescence was observed using a polarizer
at the magic angle, the scattered light being effectively eliminated
by a cutoff filter. The fluorescence was selected by a Jobin-Yvon
HR320 monochromator with a grating of 100 lines‚mm-1 and
detected by a Hamamatsu 2809U-01 microchannel plate pho-
tomultiplier. To analyze the decay curves, we developed software
that uses a nonlinear least-squares reconvolution method based
on the Marquard algorithm.43

Results and Discussion

Film Behavior at the Air-Water Interface. The
π-A isotherms of the poly(DMA/PY0.3/DO3.6) copolymer
and of a poly(DMA) homopolymer at 293 K are presented
in Figure 1. Since our film balance only allows an area
compression factor of about 10, the isotherm of poly(DMA/
PY0.3/DO3.6) is composed of three parts that match each
other within experimental error.

Several regions can be distinguished in the compression
isotherms. These regions are assigned to different polymer
conformations, or conformational transitions, predicted
by the scaling theories of grafted polymers (pancake,
mushroom, and brush):44

(a) At low surface pressures a typical liquid expanded
monolayer is observed for both the poly(DMA/PY0.3/DO3.6)
copolymer and the poly(DMA) homopolymer. Due to its
affinity to water, the DMA segments adopt a flattened
conformation with the majority of the segments in contact
with the water subphasesfor poly(DMA/PY0.3/DO3.6) this
pancake-like structure is anchored by the alkyl chains
and pyrene groups. This is described as a two-dimensional
regime by Alexander.45 The limiting surface area per
monomer unit, determined by extrapolating the nearly

linear region 3-6 mN‚m-1 of poly(DMA/PY0.3/DO3.6) to
zero surface pressure, 0.28 nm2, perfectly agrees with the
value obtained for the monomer unit of poly(dodecylacry-
lamide),46 which is slightly lower than the area estimated
for the poly(tetradecylmethacrylamide), 0.32 nm2.8a This
indicates that the methyl group attached to the polymer
main chain disturbs a tightly molecular packing on the
water surface while the two methyl groups, or the long
alkyl group, in the pendant position do not affect signifi-
cantly the area per monomer unity.

(b) At a surface pressure near 6 mN‚m-1, a break or
pseudoplateau can be observed in the isotherm. This
pseudoplateau coincides for both poly(DMA/PY0.3/DO3.6)
and poly(DMA) and it is associated with the dissolution
of the DMA segments into the water subphase. There is
a conformational transition during which the DMA
segments, anchored at surface by the dodecyl chains in
the case of poly(DMA/PY0.3/DO3.6), leave the surface into
the water subphase forming caps, occurring disruption of
the two-dimensional regime.

(c) Above the plateau the behavior of two polymers is
very different. While the homopolymer is dissolved in the
water subphase, presenting no pressure increase upon
further compression, for poly(DMA/PY0.3/DO3.6) the π-A
isotherm rises with a nearly constant slope until a kink
at 25 mN‚m-1. This region is assigned to the compaction
of the film, partially immersed in the subphase. Some
authors call this stage “mushroom”, but due to the
extensive chain overlapping, “quasi brush” seems a more
realistic description. The low value of the limiting area
per monomer unit (0.13 nm2) confirms the chain overlap-
ping and/or the partial immersion into the subphase.

(d) At surface pressures higher than 25 mN‚m-1, the
isotherm shows a steep rise due to the high resistance to
compression of the condensed film in the brush structure.
At this regime, the limiting area per monomer unit is
lower than 0.03 nm2. Such a low value, one-tenth of the
one observed at the two-dimensional regime, indicates a
thick film.

The brush can thus be seen as a set of tightly packed
polymer chains inside the water subphase, anchored at
the surface by DO and PY blocks, in a three-dimensional
regime of stretched chains.

(43) Marquardt, D. W. J. Soc. Ind. Appl. Math. 1963, 11, 431.
(44) de Gennes, P. G. Macromolecules 1980, 13, 1069.
(45) Alexander, S. J. Phys. 1977, 38, 983.

(46) Matsui, J.; Mitsuishi, M.; Miyashita, T. Macromolecules 1999,
32, 381.

Figure 1. Surface pressure-area (π-A) isotherms of the poly-
(DMA/PY0.3/DO3.6) copolymer (heavy line) and a poly(DMA)
homopolymer (thin line) at 293 K. (a) to (d) are defined in the
text.
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Hysteresis.The first compression-expansion isotherm
cycle of poly(DMA/PY0.3/DO3.6), performed at low surface
pressures, up to 12 mN‚m-1 (Figure 2A), exhibits a small
hysteresis in the expanded regime below the pseudopla-
teau. The expansion isotherm appears slightly deviated
to smaller areas compared to the first compression
isotherm. This effect decreases during the following cycles
and almost disappears at the third cycle. This is probably
caused by a change in conformation and hydration of the
chain after immersion, compared to the one after spreading
and before the first compression.

On the other hand, a very significant hysteresis effect
is observed on the first compression-expansion cycle
performed at intermediate surface pressures 12-25
mN‚m-1 (Figure 2B). The entanglement, or overlapping,
of polymer chains during the compaction of the film
partially immersed in the subphase can explain the
irreversible deviation of the first expansion isotherm after
compressionuntil 25 mN‚m-1.Again, this effect disappears
during the following cycles.

Atomic Force Microscopy. The one-layer films of
poly(DMA/PY0.3/DO3.6) deposited by the LB technique onto
silica substrates were obtained at three different surface
pressures: in the region of the liquid expanded monolayer
(5 mN‚m-1); for the polymer chains partially immersed in
the water subphase and anchored at the surface by pyrene
and dodecyl groups (15 mN‚m-1); and for the compacted

film, partially immersed in the water subphase (25
mN‚m-1).

For poly(DMA) it was not possible to deposit a monolayer
film onto silica because the polymer dissolves in the water
subphase instead of adhering to the solid substrate. This
is probably caused by a stronger interaction of the polymer
with water than with the solid subtract.

Figure 3 shows AFM height scans (data scale 10 nm)
of the surfaces of the three films of poly(DMA/PY0.3/DO3.6)
deposited at 5, 15, and 25 mN‚m-1. The peaks in image
A (5 mN‚m-1) are thought to correspond to large ag-
gregates, while the peaks saturated at 10 nm showing in
the other images (B-D) are probably film defects. Also,
while the film in image A has a slightly irregular
background, the films in images B and C (15 mN‚m-1)
show a well-developed structure in the background
attributed to small hydrophobic aggregates. The film
deposited at 25 mN‚m-1 (image D) has a much smoother
background, with no signs of isolated resolvable ag-
gregates.

Figure 4 shows the top view images of the AFM height
scans presented in the previous figure. The film deposited
at 5 mN‚m-1 shows some large objects embedded on a
relativelyhomogeneousmatrix.Thestructure isattributed
to the formation of large aggregates of polymer chains
held together by the hydrophobic groups. At such low
pressures, we expect that most of the polymer is on the
water surface forming large “flowerlike” micellar ag-
gregates. The film deposited at a surface pressure of 15
mN‚m-1 shows a compact arrangement of smaller ag-
gregates, aligned along the direction in which the substrate
was pulled out. The two images of the film taken at 15
mN‚m-1 correspond to different scanning directions during
the AFM measurements. In this region of the π-A
isotherm, the mean molecular area is decreasing with
nearly constant slope as the pressure is increased due to
the compaction of the film which becomes partially
immersed in the subphase. The constrained packing of
the immersed parts of the polymer chains leads to the
disruption of the large aggregates detected at lower surface
pressure with the formation of a more homogeneous
polymer film anchored by the hydrophobic aggregates at
the surface.

The film deposited at 25 mN‚m-1 corresponds to a zone
where the average molecular area does not change
significantly with the surface pressure due to the higher
resistance to compression of the condensed film. The film
forms a thick brush structure of tightly packed polymer
chains (that were located inside the water subphase and
anchored at the surface by DO and PY groups) that appears
in the AFM scan as a homogeneous matrix. The large
irregularities scattered in image D correspond to defects
in the polymer monolayersprobably due to nucleation of
a second polymer layer.

The homogeneity of the films can be further character-
ized by calculating the average roughness of the images
(Figure 5). This is calculated as the square difference
between the height of each point in the image and the
local average height. At 5 mN‚m-1 the roughness is high
due to the large aggregates at the subphase surface that
are transferred to the substrate. The splitting of these
aggregates into smaller hydrophobic domains and the
closer packing of the chains observed at 15 mN‚m-1

translate into a large decrease in roughness. A further
decrease is obtained for the film deposited at 25 mN‚m-1

(in this case the large irregularities corresponding to
defects in the polymer layer were not considered), where
a partially submersed and closely packed polymer film is
present at the water surface and is transferred as a thick

Figure 2. Surface pressure-area (π-A) isotherm of the poly-
(DMA/PY0.3/DO3.6) copolymer at 293 K.Compression-expansion
isotherm cycle performed at surface pressures lower than 12
mN‚m-1 (A) and in the range 12-25 mN‚m-1 (B).
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homogeneous film to the substrate. As can be seen in
Figure 5, the decrease in roughness follows closely the
decrease in mean molecular area when the surface
pressure is increased.

It is apparent from the obtained images that the initially
very large hydrophobic domains, observed at low surface
pressure, split into smaller domains and the polymer
chains get more tightly packed, eventually becoming too
small to be differentiated from the polymer matrix at the
higher pressure. To quantify this evolution in aggregate

size, we have measured their size distribution. Each image
(Figure 6A) was binarized by adjusting the threshold to
the same value of the intensity level histogram (Figure
6B). The binarized image was treated with a noises-
moothing function in order to eliminate isolated pixels
(from binarization noise). Then we ran a contour finding
routine (Figure 6C) to obtain a thin colored perimeter line
around each of the objects in the filtered, binarized image.47

An image of this ensemble of perimeter lines was then
superimposed onto the original image to test whether each

Figure 3. AFM height scans of the surfaces of three poly(DMA/PY0.3/DO3.6) films deposited at surface pressures of 5 (A), 15 (B
and C), and 25 mN‚m-1 (D) at 293 K.

Figure 4. Top view images of AFM height scans of the surfaces of three poly(DMA/PY0.3/DO3.6) films taken at surface pressures
of 5 (A), 15 (B and C), and 25 mN‚m-1 (D) at 293 K.
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of the bright areas in the original image was faithfully
reproduced in the binarized image (Figure 6D).

The fluorescent area in the binarized images of films
deposited at 5 and 15 mN‚m-1 was about 4% and 5.5% of
the total image area, indicating that the amount of
hydrophobic domains at the film surface does not change
significantly. Because of the large irregularities observed
in the film deposited at 25 mN‚m-1, in this case the fraction
of fluorescent area corresponds to a much smaller value.
The roundness of the aggregates, computed as (4 π area)/
(perimeter2), was averaged over all particles giving a
constant value of 0.8 ( 0.2 for both the films deposited at
5 and 15 mN‚m-1. The distribution of roundness at 5 and
15 mN‚m-1 reveals that 40-50% of the aggregates have
roundness values above 0.9. Therefore, although the film
taken at 15 mN‚m-1 is sheared in the direction of
spreading, the average form factor of the aggregates is
not detectably affected.

To study the size distribution of aggregates, we calculate
the Feret diameter (the diameter of a circle having the
same area as the object) of each aggregate in the images

as (4 area/π)0.5. The result is shown in Figure 7. The
aggregate size distribution for the films deposited at 5
mN‚m-1, where the DMA segments form an expanded
monolayer and are in contact with the water subphase,
is very broad and centered at 150 nm. When the surface
pressure is increased to 15 mN‚m-1, the polymer becomes
partially immersed in the water subphase and forms a
more compact film. This induces the break up of the large
aggregates present at lower surface pressures into smaller
size aggregates which, when the polymer is deposited in
the solid substrate, originate objects with a maximum
diameter around 100 nm (Figure 7). For the film taken
at 25 mN‚m-1, the distribution corresponds to film defects
attributed to the nucleation of a second polymer layer,
extending into much larger diameters.

Fluorescence Measurements. The room-tempera-
ture fluorescence spectra of poly(DMA/PY0.3/DO3.6) films
deposited on silica substrates at surface pressures of 5,
15, and 25 mN‚m-1 show one structured emission band
characteristic of the excited pyrene monomer and a very
weak broad band at higher wavelengths attributed to
pyrene excimer, or emissive dimmers/aggregates. In
Figure 8A we show the normalized fluorescence spectra
of poly(DMA/PY0.3/DO3.6) deposited at 5, 15, and 25
mN‚m-1, obtained with excitation light of 346 nm. The
monomer structured emission (with maxima at 376, 396,
and 430 nm) is shown clearly, but the broad excimer (or
excited dimer/aggregate) emission at 450 nm is very weak.
There is a large increase in the emission intensity with
the compression of the film because of the density increase,
but the overall structure of the emission spectra is
maintained (Figure 8A, insert).

The ratio of intensities at 378 and 467 nm versus
excitation wavelength would be practically constant if
excimer formation resulted only from the encounter of a
excited pyrene monomer with a ground-state monomer.48

However, this ratio changes significantly for the films of
poly(DMA/PY0.3/DO3.6) deposited on silica substrates
(Figure 8B). The ratio values were normalized at the
absorption maximum of the pyrene monomer (λ ) 345
nm), where a very small fraction of excitation light is
absorbed by ground-state dimers or aggregates. This result
suggests that the pyrene in thin poly(DMA/PY0.3/DO3.6)

(47) The binarized images were analyzed with the Imagetool software
developed by UTHSCSA.

(48) Farinha, J. P. S.; Martinho, J. M. G.; Xu, H.; Winnik, M. A.;
Quirk, R. P. J. Polym. Sci., Part B: Polym. Phys. 1994, 321, 635.

Figure 5. Average roughness (2) calculated for the AFM
images of poly(DMA/PY0.3/DO3.6) films taken at different surface
pressures along the surface pressure-area (π-A) isotherm at
293 K (s).

Figure 6. Processing of an original top view image of an AFM
height scan (A). After binarization (B) and filtering of isolated
pixels, the perimeter line around each of the objects was obtained
(C) and compared with the original image to test whether the
perimeter lines fitted each of the bright areas in the original
image.

Figure 7. Aggregate diameter distribution for the AFM images
of poly(DMA/PY0.3/DO3.6) films taken at 293 K for different
surface pressures along the surface pressure-area (π-A)
isotherm: 5 mN‚m-1 (s), 15 mN‚m-1 (- - -) and 25 mN‚m-1 (‚‚‚).
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films is aggregated, probably in the form of ground-state
dimers that, once excited, emit around 467 nm.49 This
emission can be the result from excited dimer reorganiza-
tion to produce an excimer, or it may correspond to direct
dimer emission.

Figure 9 compares the ratio of the emission intensities
at 378 nm (isolated pyrene) and 467 nm (associated pyrene)
of poly(DMA/PY0.3/DO3.6) thin films excited at 340 nm, as
a function of the deposition surface pressure. The sharp
decrease of the ratio of emission of associated to isolated
pyrene as the surface pressure increases corroborates the
AFM and film balance measurements results, which
indicated that at 5 mN‚m-1 the polymer adopts a flattened
conformation at the water subphase with large hydro-
phobic aggregates. At 15 mN‚m-1 and above these
hydrophobic aggregates are forced to split as polymer
chains became partially immersed in the subphase,
separating the associated pyrene groups. This results in
lower emission from associated pyrene (excimer and/or
dimer).

The fluorescence decay curves of poly(DMA/PY0.3/DO3.6)
films deposited on silica substrates at surface pressures
of 5, 15, and 25 mN‚m-1 were measured at room tem-

perature with excitation at 340 nm and detection set at
the pyrene monomer (376 nm) and excimer and/or dimer
(420 and 480 nm) emission wavelengths. In Figure 10 we
show the decay curves obtained for films deposited on
silica substrates with surface pressure 25 mN‚m-1 and
emission wavelengths of 376, 420, and 480 nm. The
difference between the decays is attributed to the emission
of pyrene dimers at 420 nm, and more importantly at 480
nm. The mobility of the pyrene groups in the film is not
high enough to allow dynamic excimer formation since
the decay curves at 420 and 480 nm do not show a rise
time. This is due to the constraints imposed by the polymer
chains which have to adopt a conformation that allows
the hydrophobic (dodecyl and pyrenyl) groups to join into
hydrophobic aggregates. The pyrene groups are connected
to the polymer chains and cannot diffuse freely to adopt
the configuration necessary for the excimer. Therefore,
the associated pyrene detected at higher wavelengths
corresponds to excited dimers which are preassociated in
the ground state.

The fluorescence decay curves obtained for poly(DMA/
PY0.3/DO3.6) films deposited on silica substrates at surface
pressures of 5, 15, and 25 mN‚m-1 could not be well fitted
by a sum of one or two exponential functions in any(49) Winnik, F. M. Chem. Rev. 1993; 93, 587.

Figure 8. (A) Fluorescence emission spectra (excitation at 340
nm) of poly(DMA/PY0.3/DO3.6) films deposited at surface pres-
sures of 5 mN‚m-1 (s), 15 mN‚m-1 (- - -), and 25 mN‚m-1 (‚‚‚).
In the insert, the log scale of the intensity shows the similar
structure of the emission bands for the three films. (B) Ratio
of intensities at 378 and 467 nm versus excitation wavelength
obtained for 15 and 25 mN‚m-1, normalized at 345 nm.

Figure 9. Ratio of fluorescence emission intensities at 378 nm
(monomer) and 467 nm (excimer and/or dimer) of poly(DMA/
PY0.3/DO3.6) films taken at surface pressures of 5, 15, and 25
mN‚m-1 ([), compared to the surface pressure-area (π-A)
isotherm at 293 K (s).

Figure 10. Fluorescence decay curves obtained for poly(DMA/
PY0.3/DO3.6) films deposited on silica substrates at 25 mN‚m-1

surface pressures, obtained at emission wavelengths of 376,
420, and 480 nm.
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conditions. Using a sum of three exponential functions,
acceptable fitting results were obtained but the decay
times change enormously with the surface pressures at
which the films were deposited. This means not only that
there are no isolated pyrene groups remaining unquenched
during their excited lifetime (this would show a constant
large decay time for all surface pressures) but also that
the kinetics of monomer quenching (by ground-state
pyrene monomers or dimers) is affected by the polymer
morphology in a way that prevents the formation of the
excimer. This was to be expected since the hydrophobic
groups in the polymer aggregate in the film. These
aggregates are similar to surface micelles, each composed
of a dodecyl liquidlike pool containing the pyrene groups,
with the polymer backbone wrapped around.

Since the chains are randomly labeled and the number
of pyrene groups per chain is small, we can consider that
the dyes in these micelle-like structures follow a Poisson
distribution. In these conditions, the fluorescence decay
curves of excited pyrene monomer can be described
following the approach proposed by Tachiya for quenching
kinetics in micelles.50,51

After irradiation at a wavelength where only the pyrene
monomer can absorb, the excited monomers either decay
to their ground state or can be quenched by monomer or
dimer groups. The survival probability of the excited
pyrene monomer is given by50,51

where a1 is a factor that normalizes the total decay
intensity, τM is the unquenched monomer lifetime, nPY is
the average number of pyrene groups per micellar
aggregate, and k is the first-order excimer formation rate
parameter.

To analyze the fluorescence decay curves of poly(DMA/
PY0.3/DO3.6) films deposited on silica substrates at surface
pressures of 5, 15, and 25 mN‚m-1, measured at room
temperature, with excitation at 340 nm and detection at
376 nm, we start by convoluting the curves obtained with
eq 1 with the experimental instrument response functions
L(t)

Then we use a nonlinear least-squares method based on
the Marquard algorithm43 to compare the convoluted
curves with the experimental monomer decays and obtain
the set of parameters that give the best fitting. We evaluate
the fitting results by calculating the reduced ø2, the
weighted residuals, and the autocorrelation of the residu-
als. For different sets of initial guess parameters, we
consistently obtained the same values of the fitting
parameters for each film with reduced ø2 of 1.2 to 1.3 and
well distributed weighted residuals and autocorrelation
of the residuals.

Figure 11 shows the evolution of the area per molecule
and the average number of pyrene groups per micellar
aggregate, nPY, with surface pressure. The most striking
feature of the analysis results is that the average number
of pyrene groups per micellar aggregate decreases from
an average of 3.2 pyrene groups per hydrophobic aggregate
for 5 mN‚m-1, to ca. 1.2 for 15 mN‚m-1 and 0.8 for 25
mN‚m-1. The sharp decrease, of the average number of

pyrene groups as the surface pressure increases, supports
the AFM and steady-state fluorescence measurements
results.

Since the number of polymer chains per unit area PA,
and therefore the number of pyrene groups per unit area
PyA, increases with the decrease in surface area per
monomer, we conclude that there is a drastic increase in
the number of micellar aggregates per unit area with the
increase in surface pressure. The number of pyrene groups
per unit area PyA should be approximately equal to the
number of micellar aggregates per unit area MA multiplied
by the average number of pyrene units per micellar
aggregate, PyA ≈ MAnPY. Since the number of pyrene
groups per unit area PyA is inversely proportional to the
area per monomer, then the number of micellar aggregates
per unit area MA is inversely proportional to the product
of the area per monomer by the average number of pyrene
units per micellar aggregate MA ≈ 1/(AnPY). This estimate
indicates that, in the absence of film defects, the number
of micellar aggregates would increase approximately nine
times when the surface pressure increases from 5 to 15
mN‚m-1, and another four times from 15 to 25 mN‚m-1.
This steep increase is not observable in the AFM images
because the aggregates become too small to be differenti-
ated from the polymer matrix at higher surface pressures.
Nevertheless, there is a clear increase in the aggregate
number between 5 and 15 mN‚m-1 (cf. parts A and B of
Figure 3). From 15 and 25 mN‚m-1 the increase in the
aggregate number (with their decrease in average size)
translates into a three times decrease in roughness (cf.
Figure 5).

Conclusions
We hydrophobically modified the water-soluble polymer

poly(N,N-dimethylacrylamide) by incorporating 0.33 mol
% of a pyrenyl derivative, [4-(1-pyrenyl)butyl]amine
hydrochloride (PY), and 3.56 mol % of dodecyl groups (DO).
This polymer forms monolayers at the air-water interface
with π-A isotherms that show expanded polymer chains
in a pancake-like conformation (anchored at the surface
by the hydrophobic groups) for low surface pressure. A
surface pressure increase leads to the dissolution of the
water-soluble polymer backbone, to attain a brush con-
formation at pressures higher than 25 mN‚m-1.

The structure of the LB films transferred at different
regions of the isotherm was observed by AFM. The AFM

(50) Infelta, P. P.; Gratzel, M.; Thomas, J. K. J. Phys. Chem. 1974,
78, 190.

(51) Tachiya, M. Chem. Phys. Lett. 1975, 33, 289.

IM(t) ) a1 exp{-1/τM - nPY[1 - exp(-kt)]} (1)

IM
conv(t) ) ∫0

t
L(s)IM(t - s) ds (2)

Figure 11. Average number of ground-state pyrene groups
permicellaraggregateobtained fromtheanalysisof fluorescence
monomer decay curves obtained for poly(DMA/PY0.3/DO3.6) films
deposited on silica substrates at 5, 15, and 25 mN‚m-1 surface
pressures, at an emission wavelength of 376 nm (9), compared
to the surface pressure-area (π-A) isotherm at 293 K (s).
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measurements showed that, while the film deposited at
5 mN‚m-1 has large objects embedded on a relatively
homogeneous matrix, the film taken at a surface pressure
of 15 mN‚m-1 already shows a compact arrangement of
smaller aggregates. Finally, the film deposited at higher
surface pressure (25 mN‚m-1) corresponds to a thick brush
structure of tightly packed polymer chains.

The pyrene monomer fluorescence decay curves were
fitted with the fluorescence quenching model in micelles
developed by Tachiya. The average number of pyrene

groups per aggregate decreases with pressure increase
showing that smaller aggregates exist at higher pressures
in agreement with the AFM results.
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