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1. Introduction

Self-organization of matter at the micro- and nanoscale is an
exciting and promising field of research due to its evident reper-
cussions in many applications (microelectronic, optoelectronic,
photonics, sensors, soft lithography)[1–5] as well as fundamental
(thermocapillarity, Bénard–Marangoni instability)[6] scientific
areas. Many spontaneous self-organizing phenomena are cur-
rently investigated (dewetting,[7,8] self-assembly of colloids at an
interface,[9] phase segregation in block copolymers,[10] etc.). While
the latter are now well known and established phenomena, the
formation of highly ordered arrays of microcavities, herein con-
cerned, has not yet been fully elucidated.[11] The reason for this is
the complexity of this dynamic phenomenon along with the diffi-
culty to control all the related experimental parameters.

Microstructured films can be formed by the condensation of
water microdroplets subsequent to the cooling of the surface

on an evaporating thin layer of polymer solution. After solvent
and water evaporation, an imprint of the droplets is left. For
the sake of simplicity, this phenomenon, described first by
François[12] and recently covered in a review article by Heiko
and Bunz,[11] is called breath-figure imprinting. Ordering the
position and diameter of the cavities in a honeycomb structure
requires the tuning of several parameters, such as polymer
structure, termination, concentration, solvent, substrate, inert-
gas flow, temperature, and humidity.[13–15] This phenomenon is
closely related to Bénard–Marangoni[16] convection arising in
thin layers of a solution submitted to a vertical thermal gradi-
ent as claimed by several authors.[11] Under certain conditions
of surface-tension forces, thermal diffusion, and dynamic vis-
cosity, Bénard–Marangoni instability results in a hexagonal
pattern of convection spots.[17] Although ordered breath-figure
imprinting is a much more complicated phenomenon, it is
strongly dependent on the interfacial forces existing between
the water microdroplets and the polymer solution. These forces
can be modulated by including polar groups in the polymer
that will interact with the water droplets (amphiphilic poly-
mer). Recent experimental work has shown this depen-
dency.[13–15]

It is of particular interest to use a surface-analysis technique
capable of directly imaging the distribution of these end groups
on a microstructured film to better understand their role. Some
articles have already dealt with surface characterization of such
films by using indirect methods.[18,19] State-of-the-art ToF-SIMS
(time-of-flight secondary-ion mass spectrometry) instrumenta-
tion provides the chemical composition of the extreme surface
(< 3 nm) and includes imaging capabilities on the micrometer
scale.[20] This technique is appropriate to localize the polymer’s
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A new type of polymer compound that allows the formation of highly ordered microstructured films by casting from a volatile
solvent in the presence of humidity, and its characterization by ToF-SIMS (time-of-flight secondary-ion mass spectrometry) are
presented. A honeycomb structure is obtained by activation of 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO)-terminated
polystyrene (PS) with p-toluenesulfonic acid (PTSA). The mechanism of this activation reaction, leading to a more polar
PS termination, is deduced from simple experiments and supported by ToF-SIMS characterization. Positive and negative
ToF-SIMS imaging allows different chemical regions correlating to the film morphology to be distinguished. This new, straight-
forward activation process, together with ToF-SIMS chemical imaging, provides a better understanding of the phenomena un-
derlying the formation of these films by directly linking the role of polar terminations to the microscale self-organization. This
new method, transposable to other organic acids, suggests interesting new perspectives in the field of self-organized chemical
and topographical patterning.
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end-group chemical functions on the self-organized film sur-
face.

In this context, a new family of compounds based on 2,2,6,6-
tetramethyl-1-piperidinyloxyl (TEMPO) terminated polysty-
rene is introduced. Although this polymer does not allow
breath-figure imprinting, a simple conversion of its termination
into an appropriate acid salt triggers this property. This work
mainly focuses on the use of p-toluenesulfonic acid (PTSA) to
do this conversion and the surface chemical characterization of
the corresponding ordered films is also shown. Finally, given
the relative ease of conversion of 2,2,6,6-tetramethyl-1-piperi-
dinyloxyl into the p-toluenesulfonate piperidinium (TEMPO/
PTS) acid salt, we introduce the possibility of using other or-
ganic acids, such as camphorsulfonic acid R or S, to show the
versatility and usefulness of this method in the field of self-or-
ganized chemical patterning.

2. Results and Discussion

A number of simple experiments together with ToF-SIMS
characterization show that TEMPO-PS reacts with p-toluene-
sulfonic acid in a heterogeneous phase reaction to form a piper-
idinium salt termination, which allows ordered breath-figure
imprinting from a CS2 solution.

2.1. Breath-Figure Imprinting with PS-TEMPO/PTS

Practically, a carbon disulfide solution of PS-TEMPO on its
own does not lead to ordered breath-figure imprinting in our
experimental setup. Order is obtained only if a small amount
of PTSA is added to this solution and left to react for at least
6 h. Although PTSA seems insoluble in CS2, in another experi-
ment CS2 is saturated with PTSA during 48 h, filtered, and
then used to prepare a PS-TEMPO solution. This solution does
not allow ordered microporous films to be obtained. These
simple experiments clearly show an heterogeneous reaction be-
tween the TEMPO end groups of polystyrene and PTSA. The
most probable reaction is the formation of a p-toluenesulfon-
ate piperidinium (TEMPO/PTS) acid salt end group. Figure 1
assesses the high degree of order obtained for films made out
of this polymer compound in the presence of humidity.

Using carbon disulfide as a solvent and a sufficiently diluted
solution usually results in the formation of a monolayer of reg-
ular spherical cavities with an average opening-to-cavity diam-
eter ratio of 0.3 to 0.4, as observed from the scanning electron
microscopy (SEM) image in Figure 2 and calculated[21] using
Pieranski’s model[22] for colloids at an interface.

The high sphericity of the resulting cavities can be better evi-
denced by molding this type of film with polydimethylsiloxane
elastomer (see Fig. 3). [21,23]

2.2. Chemical Characterization of the Microstructured
Surfaces

Apart from the high ordering and uniformity of the formed
cavities, a chemical patterning is also taking place as a result of
the difference in polarity between the polymeric chain and the
end groups. Revelation with fluorescent indicators can be used
to localize the end groups on the surface of the films. In Figure 4,
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Figure 1. Transmission optical microscopy image of a PS-TEMPO/PTS or-
dered film (scale bar is 20 lm).

Figure 2. Scanning electron microscopy images of an ordered PS-TEMPO/
PTS film (scale bars are 2 lm long). (A) Surface and (B) section of the
film.

Figure 3. Scanning electron microscopy image of a PDMS film obtained
by molding of a PS-TEMPO/PTS film (scale bar is 5 lm long).
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fluorescein, whose fluorescence varies upon its acid–basic state,
reveals the spherical cavities by fluorescence microscopy, but it
does not show the top surface of the film, probably indicating
the localization of the end group functions on the surface of the
cavities. However, this technique does not allow us to know
which component is migrating towards the surface of the cav-
ities: TEMPO, PTSA, or both.

ToF-SIMS was considered to image the surface of the or-
dered films. As the generated images (256 × 256 pixels) contain
the full mass spectrum at every pixel, it is possible to select im-
ages corresponding to atoms or molecular fragments of partic-
ular interest. Figure 5 shows a set of SIMS images obtained by
summing up the intensities of selected secondary ions.

Figure 5A–C correspond to negative ions; D–F correspond
to positive ions. Images A and D show the sum of all secondary
ions, B represents the sum of C– (m/z: 12) and CH– (m/z: 13), C
represents the sum of O– (m/z: 16), OH– (m/z: 17), S– or
O2

–(m/z: 32) and SH– (m/z: 33)), E represents H+ (m/z: 1) and
F the sum of NH4

+ (m/z: 18), C3H5
+ (m/z: 41), C2H4N+ (m/z:

42), C3H6N+ (m/z: 56), C4H9
+ (m/z: 57), C3H8N+ (m/z: 58),

C5H9
+ (m/z: 69), C4H8N+ (m/z: 70), C3H8NO+ (m/z: 74),

C8H16N+ (m/z: 126), C9H18N+ (m/z: 140), C9H20N+ (m/z: 142),
and C9H20NO+ (m/z: 158).

Considering the chosen atomic and molecular fragment ions,
Figure 5B and E mainly correspond to the polystyrene matrix
and the film topographical morphology. Figure 5C mainly rep-
resents the PTS composition and Figure 5F relates to the
TEMPO composition. As observed in images C and F, the
TEMPO and PTS groups are confined on the cavity openings
in the form of regular small rings. These geometrical features
are very similar to the observations made in Figure 4.

It is also interesting to compare the ToF-SIMS spectra of
films obtained in the absence (flat films) and presence of hu-
midity (microstructured films). Figures 6 and 7 show how mi-
crostructuring through water condensation strongly enhances
the signal peaks correlating to the p-toluenesulfonate piperidi-
nium acid salt end groups. Comparison between the negative
ToF-SIMS spectra in Figure 6A and B show how the character-
istic peaks of the p-toluenesulfonate group (C7H7SO3

– and
related fragments), displayed in Figure 6C, are strongly en-
hanced, relatively to the other peaks, when films are ordered
through breath-figure imprinting.

The same observation can be made for the characteristic
peaks of the piperidinium oxyl group (C9H19NO+ and related
fragments) when comparing the positive ToF-SIMS spectra in
Figure 7A and B.

Given the sampling depth of molecular ions in SIMS
(ca. 2 nm), these observations demonstrate that the surface of
the microstructured samples are strongly enriched with both
TEMPO and PTS with respect to flat films.

This semi-quantitative information, obtained from the mass
spectra together with the lateral distribution of the chemical
functional groups provided by the ToF-SIMS images, confirms
that the TEMPO and PTS species preferentially concentrate at
the extreme surface of the microcavities during the breath-fig-

ure imprinting process.

2.3. Mechanism of Microstructuring Through Breath-
Figure Imprinting

The similarity between the PTS and TEMPO pat-
terns in ToF-SIMS imaging and fluorescence micros-
copy and the clear signal enhancements in SIMS
through breath-figure imprinting strongly suggest
that these chemical function interactions are caused
by water micelle formation. These interactions, re-
sulting from an acid–basic reaction, exist because of
the p-toluenesulfonate piperidinium acid salt end
group as depicted in Figure 8A. In Figure 8B, these
polar end groups, enabling breath-figure imprinting,
also allow water micelle formation. Water evapora-
tion leaves empty cavities presenting the polar poly-
mer end groups on their surface.

Assuming the hypothesis of the polymer end group
functionalization through salt formation, this auto-or-
ganized chemical patterning strategy should not be
limited to the use of p-toluenesulfonic acid. To
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Figure 4. Fluorescence microscopy image of a PS-TEMPO/PTS ordered
film sprayed with fluorescein (scale bar is 10 lm long).

Figure 5. A–C) Negative and D–F) positive ToF-SIMS images (scale bars are 10 lm
long). A) Sum of all anions; B) sum of m/z: 12, 13; C) sum of m/z: 16, 17, 32, 33;
D) sum of all cations; E) m/z: 1; F) sum of m/z: 18, 41, 42, 56, 57, 58, 69, 70, 74, 126,
140, 142, 158.
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further test this hypothesis, ordered films were obtained using
exactly the same strategy but with camphorsulfonic acid R
(CSA(R)) instead of PTSA (Fig. 9).

The same observation is valid in this case: ordering
of PS-TEMPO is triggered when left to react hetero-
geneously with a small amount of CSA(R) or (S) in
CS2 for some time. From a structural viewpoint, the
films obtained with CSA seem less ordered and have
smaller cavities when compared to ordered films ob-
tained with PTSA. Nevertheless, this additional re-
sult supports our proposed mechanism of microstruc-
turing.

3. Conclusions and Perspectives

This work shows how PS-TEMPO, a polymer
which is commonly used nowadays, can easily be
functionalized to prepare ordered honeycomb micro-
structured films by breath-figure imprinting. This
property is triggered by conversion of its piperidiny-
loxyl end group into a p-toluenesulfonate or cam-
phorsulfonate acid salt. The increased polarity of this
new end group is believed to allow ordered breath-
figure imprinting through water micelle formation
and Bénard–Marangoni convection enhancement.
Considering that Bénard–Marangoni convection is
responsible for ordering,[11,17] PS-TEMPO constitutes
a model compound in this field: its end group inter-
conversion into an acid salt is easy and PS-TEMPO
alone does not allow ordered breath-figure imprint-
ing. Using this polymer and different organic acids

could allow a statistical study of the order, size, and opening-
to-diameter ratio of the cavities to better understand ordered
breath-figure imprinting. This was already confirmed with the

camphorsulfonic R acid as proof. As an
example, the opening-to-cavity diameter
ratio determined by SEM images of or-
dered film cross sections could be related
to the interfacial tension between the
polymer/CS2 solution and water.[21]

A surface organization through water
micelle formation has commonly been
considered and is well accepted for poly-
mer end groups when present. Some arti-
cles have already dealt with the surface
characterization of such films by using in-
direct methods.[18,19] In the present work,
polymer end-group migration is directly
observed by ToF-SIMS imaging and con-
firmed by comparison of spectra of flat
and ordered films. The results obtained in
the case of PS-TEMPO are transposable
to other polymers allowing ordered
breath-figure imprinting. In this context,
ToF-SIMS characterization seems well
adapted to this field and should be applied
to the long list of polymer compounds al-
ready reported in the literature for these
applications.[11–13,24–27]
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Figure 6. Negative ToF-SIMS spectra of A) a film of PS-TEMPO/PTS obtained in dry
nitrogen atmosphere, B) an ordered film of PS-TEMPO/PTS, C) a p-toluenesulfonic
acid drop-cast film.
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Figure 7. Positive ToF-SIMS spectra of A) a film of PS-TEMPO/PTS obtained in dry atmosphere
and B) an ordered film of PS-TEMPO/PTS.
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This work has conclusively shown that ordering is not only
topographical but chemical as well, raising interesting perspec-
tives in the field of chemical patterning (i.e., self-assembled
chemically functionalized picoscale beakers).

4. Experimental

Sample Preparation: PS-TEMPO (weight-average molecular weight
Mw = 6500, polydispersity Mw/Mn = 1.5) was obtained by controlled free
radical polymerization of styrene using 2,2,6,6-tetramethyl-1-piperidi-
nyloxyl (TEMPO) [28]. The solution of PS-TEMPO was prepared in
HPLC grade carbon disulfide (0.6 %) and a small amount of PTSA
(p-toluenesulfonic acid) was added and allowed to react for at least six
hours. This solution was then filtered with a nylon syringe filter
(0.45 lm). Ordered holey films were obtained by evaporating a drop of
the solution under a humid atmosphere on 10 mm × 10 mm pieces of
silicon wafer or 15 mm × 15 mm microscope cover slides. The humid at-
mosphere was generated by flowing nitrogen through water at ambient
temperature using a sintered glass bubbler. The moisturized nitrogen
flux was directed towards the polymer solution surface using appropri-
ate tubing. For ToF-SIMS analysis purposes, flat films were obtained in
the same way but without humidity.

Fluorescent films were obtained by exposing the PS-TEMPO/PTS
ordered films to an ultrasonic spray of a fluorescein sodium salt aque-
ous solution (2 %).

The beaded PDMS films (negative imprints [29]) were obtained by
pouring a degassed mixture of PDMS prepolymer and curing agent
(Dow Corning, Sylgard 184) directly on the PS holey films and placing
these preparations in an oven at 80 °C for 4 h. The beaded PDMS films
were then released from the PS films by placing them in hot dichloro-
methane.

Imaging and Measurements: ToF-SIMS spectra and images were re-
corded on a PHI-Evans TFS-4000 MMI (TRIFT) spectrometer. For im-
ages, the samples were bombarded with a pulsed 69Ga+ ion beam
(25 keV, 600 pA d.c., 14.5 kHz frequency, and 17.7 ns pulse width).
The analyzed area was a square of 60 lm × 60 lm. With a 30 min data
acquisition time, the fluence was about 4 × 1013 ions cm–2, which is close
to static conditions. The spectra in Figures 7B and 8B were extracted
from ToF-SIMS image measurements displayed in Figure 5. For the
spectral measurements, samples were bombarded with a pulsed 69Ga+

ion beam (15 keV, 1.2 nA d.c., 8.2 kHz frequency, and 22 ns pulse
width). The analyzed area was a square of 121 lm × 121 lm. With a
5 min data acquisition time, the fluence was about 2.8 × 1012 ions cm–2,
which ensured static conditions. In both cases, the secondary ions were
accelerated to a kinetic energy of ±3 keV by applying a bias on the
sample. In order to increase the detection efficiency of high mass ions,
a 7 kV post-acceleration voltage was applied at the detector entry.

Optical microscopy images were obtained in air with a Leitz Dia-
lux 20 equipped with a Ploemopak fluorescence vertical illuminator
with three filter positions and a digital camera. For fluorescence imag-
ing, a 450–490 nm band-pass excitation filter was used.

Scanning electron microscopy images were recorded using a Zeiss
Leo 982 apparatus.
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Figure 8. A) Molecular structure of p-toluenesulfonate piperidinium end group and B) schematic representation of its arrangement in micelles during
film formation.

Figure 9. Scanning electron microscopy image of a PS-TEMPO/CSA (R)
ordered film (scale bar is 10 lm).
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