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terms of fractional resolution but greatly sur-
passes the latter in signal size. For optical fre-
quency standards, the high resolution presented
here has improved studies of systematic errors for
the evaluation of clock accuracy. With these
narrow resonances, clock instability below 10716
at 100 s is anticipated in the near future. For
quantum physics and engineering, this system
opens the door to using neutral atoms for ex-
periments in which long coherence times are
necessary, motional and internal atomic quantum
states must be controlled independently, and
many parallel processors are desired.
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Macroscopic Hierarchical Surface
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The use of bottom-up approaches to construct patterned surfaces for technological applications is
appealing, but to date is applicable to only relatively small areas (~10 square micrometers). We
constructed highly periodic patterns at macroscopic length scales, in the range of square
millimeters, by combining self-assembly of disk-like porphyrin dyes with physical dewetting
phenomena. The patterns consisted of equidistant 5-nanometer-wide lines spaced 0.5 to

1 micrometers apart, forming single porphyrin stacks containing millions of molecules, and were
formed spontaneously upon drop-casting a solution of the molecules onto a mica surface. On glass,
thicker lines are formed, which can be used to align liquid crystals in large domains of square

millimeter size.

he formation of complex submicrometer
patterns on surfaces that extend over
macroscopic distances underlies the fab-
rication of integrated circuits and microelectro-
mechanical devices (/-3). However, for many
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applications, such as detection arrays and optical
elements, well-defined symmetrical patterns can
be exploited, especially if the methods decrease
the number of processing steps needed or avoid
surface-invasive steps that scratch, rub, or etch
the surface. Examples of complex pattern for-
mation by noninvasive techniques are still few,
usually require large polymeric molecules, and
are often of small spatial extent (4-72). Self-
assembly of molecules on a surface can be a
simple, versatile, and less time-consuming ap-
proach and may lead to defect-free structures

(1), especially if combined with physical pro-
cesses such as dewetting and contact-line
pinning. Here we report the spontaneous forma-
tion of periodic patterns of exceptionally long
(up to 1 mm) columnar stacks of porphyrin dye
molecules at a solid/liquid interface, with highly
defined spatial and parallel ordering. These self-
assembled patterns were then used to align
liquid crystals (LCs) in domains measuring sev-
eral square millimeters.

Porphyrin dye molecules can self-organize
on a surface into small columnar stacks of sub-
micrometer length (13, /4). These architectures
are generated as a result of combined self-
assembly and dewetting, which take place simul-
taneously when a drop-casted solution of the
porphyrin molecules is evaporated on a surface.
In order to enhance the columnar stacking and
hence the length of the assemblies, we have
synthesized compound 1 (Fig. 1) (/5), which
consists of three porphyrin moieties that are
linked via amide bonds to a central benzene
core, a motif that is known to form extended
hydrogen-bonded networks (/6-19). Each por-
phyrin was equipped with three aliphatic hydro-
carbon chains to increase the solubility of the
stack in organic solvents.

The high tendency of 1 to form aggregates
can be directly observed, in that at a concentra-
tion of 8 mg/ml, the chloroform solution formed
a gel. This strong aggregation is highly de-
pendent on the presence of the alkyl chains,
because porphyrin trimers without these chains
appeared not to gelate the solvent. In the proton
nuclear magnetic resonance (NMR) spectrum of
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Fig. 1. Porphyrin trimer 1. (A)
Chemical structure of 1. (B)
Schematic representation of 1.
(C) Schematic representation of
a columnar stack of 1. (D)
Computer-generated model of
the hydrogen-bonding network
in a columnar stack of 1 (two of
the three porphyrins of each
molecule of 1 are omitted for
clarity).

1 in CDCl; ([1] = 10~* M), very broad peaks
were observed, suggesting large aggregate for-
mation. The addition of d®~dimethyl sulfoxide
to this solution caused a sharpening of the NMR
signals, which is the result of the solvent break-
ing up the hydrogen-bonding network (Fig. 1D)
and dissolving the aggregates that are present in
chloroform.

At the solid/liquid interface, the expected
columnar stacking of 1 was confirmed by means
of scanning tunneling microscopy (STM) (fig.
S1). The aggregation behavior at a surface was
further studied with atomic force microscopy
(AFM). We drop-casted a diluted solution of 1 in
chloroform ([1] = 4.8 x 107° M, 3-ul droplets)
on mica. After evaporation, very large domains
(up to ~3 mm®) containing a highly ordered
pattern of equidistant, nearly parallel, wire-like
architectures were observed (Fig. 2, A and B).
The height of the lines was 4.5 + 0.4 nm (Fig.
2C), which corresponds remarkably well to the
calculated diameter of 1, indicating a pronounced
shape persistence of the molecule. These obser-
vations indicate that the lines consisted of a
columnar stack one molecule thick, with each of
the lines containing millions of molecules. We
will argue below that this self-organization of
molecules on a macroscopic scale results from a
hierarchical dewetting process.

Analysis of several samples revealed a nar-
row spatial distribution of the periodicity within

one single domain [for example, 650 + 40 nm in
a domain with a size of 3 mm? (Fig. 2D)], but
between several domains the value of the pe-
riodicity varied from 0.5 to 1 um. The lines were
oriented parallel with respect to the local solvent
front, which can be deduced from the broader
contact pinning lines on the sample (Fig. 2E). In
addition, at the boundaries of these ordered
domains, patterns more reminiscent of normal
spinodal dewetting were observed (Fig. 2F). A
clear correlation is seen between these two re-
gions, because most columns in the periodic
domain appear to grow out from the spinodal
dewetting domain.

When larger droplets ([1]=4.8 x 10 ° M,
10 pl in size) were deposited under similar
conditions, the longer evaporation time formed
porphyrin lines with different dimensions and
orientations from those described above (Fig.
3A). A periodicity of 13.4 £ 0.7 um and a line
height of 55.4 + 0.6 nm were observed. The
latter value indicates that each line in this pat-
tern consisted of a bundle of columnar stacks
of 1. Because of the larger dimensions, this
pattern could be visualized via optical mi-
croscopy (Fig. 3B), which clearly demonstrated
that the orientation of the lines, which were
up to 0.8 mm long (fig. S3), was now orthog-
onal with respect to the solvent front. Scanning
confocal fluorescence microscopy studies
[Fig. 3C, excitation wavelength A = 411 nm)]

confirmed that the lines consisted of molecules
of 1, and an emission spectrum characteristic
of a porphyrin aggregate (/3) was obtained
(inset, Fig. 3C).

Because mica is birefringent, we could not
study the assembly processes optically in real
time. We could, however, visualize the line-
formation process in real time on a glass surface
([1] = 4.8 x 10> M, 10-ul droplets), using an
optical polarization microscope equipped with a
charge-coupled device camera (movie S1). Dur-
ing the evaporation process, the front of the
droplet was pinned several times, and upon its
withdrawal, deposited material was observed
(Fig. 3D). Simultaneously with the pinning, the
formation of linear aggregates as a result of the
self-assembly processes was already visible
within the droplet, perpendicular to the front,
before its withdrawal (fig. S2 and movie S1).
However, the greater roughness of the glass
substrate as compared to mica caused the pattern
to be less well-defined.

The formation of the highly ordered line pat-
terns is governed by a combination of molecular
self-assembly and other physical processes (13).
The strong self-assembly of 1, which is gov-
erned by a balanced combination of hydrogen
bonding and m—n stacking interactions, is
essential for the growth of columnar stacks of
almost millimeter length. No members of a wide
family of porphyrin macrocycles (hexamers, do-
decamers, and porphyrin trimers with ester
instead of amide linkers) were able to form sim-
ilar periodic patterns (/3). The two primary
physical processes that play a major role in pat-
tern formation are contact-line pinning between
the edge of a droplet and the surface (the so-
called coffee-stain mechanism) and spinodal
dewetting (9, 20—24). The latter effect is observed
when the surface of a thin film on a flat substrate
(such as mica) is unstable and deforms spontane-
ously. Surfaces subject to this kind of dewetting
are known to dewet via the formation of an un-
dulating bicontinuous pattern (24). We postulate
that this undulating pattern governs the spatial
distribution of the linear aggregates (Fig. 3E). The
small defects observed in Fig. 2A support this
postulation, because their presence does not
interrupt the periodicity of the patterns.

The initial physical phenomena, contact-line
pinning and solvent evaporation, caused the
molecules dissolved in the droplet to flow
toward the contact line (9). In the case of the
small droplets (3 pl), the contact line was pinned
several times, leaving behind thin layers of
deposited molecules of 1 at these positions (Fig.
2, E and G) (9). After repeated retractions of the
solvent front, thin films remained between the
pinned contact lines, which were then subject to
spinodal dewetting. Combined with the propen-
sity of 1 to form one-dimensional (1D) aggre-
gates, this dewetting gave rise to the formation of
the highly defined periodic patterns, with the
contact pinning lines directing their orientation
(Fig. 2G). Within each domain, the local spinodal
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Fig. 2. Patterns formed
on mica after the evap-
oration of 3-ul droplets
of compound 1 in chlo-
roform. (A) AFM image
(scan size = 25 x 25
um® of a pattern of
highly ordered equi-
distant parallel lines.
(B) AFM image (scan
size = 10 x 10 umd),
with the inset showing
the cross section indi-
cated in the AFM image.
(C) Bar diagram show-
ing the height distribu-

o
m

tion of the line pattern 50+ .
within a single domain, =Gt
with the Gaussian fit $E 40
demonstrating a line @
height of 4.5 nm, with e
standard deviation (0) = & 204
0.4 nm. (D) Bar diagram 3
showing the spatial dis- 8 104
tribution of lines in a
single domain (size = 3 0-
400 500 600 700 800 900

mm?). Each color repre-
sents a different posi-
tion in a single domain.
The Gaussian fit demonstrates that within this complete domain, the lines are
650 nm apart and 6 = 40 nm. (E) AFM image (scan size = 14 x 14 um?)
showing that the periodic pattern is parallel to the (bold) contact pinning line.
(F) AFM image (scan size = 40 x 40 um®) of a domain transition between a
highly ordered and a less ordered domain. (G) Mechanism of the formation of

Distance between lines (nm)

Fig. 3. Patterns
formed after the evapo-
ration of 10-ul droplets
of compound 1 in chlo-
roform. (A) AFM image
(scan size = 95 x 95
um?) of a line pattern
on mica. (B) Optical
micrograph of the pat-
tern formed on mica
(scale bar, 100 um).
(C) Scanning confocal
fluorescence microsco-
py image of the lines;
the inset shows the
characteristic fluores-
cence spectrum of a
porphyrin aggregate,
Amax 1 = 665 nm and
Amax 2 = 726 nm. (D)
Optical micrograph of
the coffee-stain—like
pattern formed during
the evaporation of a so-
lution of 1 in chloro-
form on glass ([1] =
4.8 x 107 M); the
bottom part is still covered with solution (dark blue). The whitish stripes are
the aggregates that remain after retraction of the droplet. (E) Proposed
formation of periodic patterns on flat mica; spinodal dewetting causes an
undulating pattern in the solvent, which governs the positioning of the
aggregates and thus the spatial distribution of the lines. (F) Mechanism of the
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the patterned lines. During the evaporation of the droplet (A—B), the contact
line is pinned several times, resulting in the formation of contact pinning lines
(designated with 1, 2, and 3). After retraction of the solvent front, a thin film
remains in which a pattern of thin lines is formed as a result of self-assembly
and dewetting.
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formation of the patterned lines. The presence of aggregates preformed in
solution hinders the retraction of the solvent front from 1 to 2, causing partial
pinning of the contact line. In combination with the molecular self-assembly,
this partial pinning results in an orientation and growth of linear aggregates
orthogonal to the local solvent front; contact pinning lines are not observed.
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Fig. 4. Application of
the patterns formed by
1 on a glass substrate
as alignment layers for
5CB; polarizing micros-
copy images of a LC cell
between crossed polar-
izers (denoted by P and
A). (A) LC ordering
parallel to the analyzer.
(B) Texture after rota-
tion of the sample over
45°. The local orienta-
tion of the 5CB mole-
cules, deduced from
the SHG rotational an-

isotropy patterns (insets), is depicted schematically in both images.

dewetting determined the periodicity, which in
all cases was between 500 nm and 1 um.

In the case of the larger droplets (10 pl), the
evaporation of the solvent took longer and al-
lowed the formation of larger aggregates already
in solution, which were subsequently deposited
(Fig. 3, A and B). Apparently, there was not
enough material present at the contact line to
completely pin it (9). The resulting partial pin-
ning of the solvent front hindered the retraction
of the contact line, and in contrast to the ex-
periments with the smaller droplets, contact
pinning lines were then not formed (Fig. 3F)
(9). The partial pinning caused a flow of mole-
cules toward and orthogonal to the contact line.
The concomitant local increase in the concen-
tration of molecules of 1 led to growth of the
lines from a direction opposite to the molecular
flow, resulting in an orthogonal orientation with
respect to the solvent front. The combination of
(i) the tendency of the molecules to form 1D
aggregates, (ii) the occurrence or absence of
contact line pinning, and (iii) spinodal dewetting
effects resulted in the observed surface pat-
terning in the two cases.

Previous reports have described organized as-
semblies of polymers (25), dendrimers (3, 26, 27),
and block copolymers (28), leading to crystal-like
domains on surfaces. In none of these cases,
however, have 1D single molecular stacks spon-
taneously organized into periodic dissipative pat-
terns been observed. Unlike our experiments,
constructing such patterns requires invasive tech-
niques such as lithography or sliding glass plates
(29, 30).

The line patterns obtained with the large drop-
lets were investigated as possible LC alignment
layers. LC cells, consisting of one glass plate
covered with the aggregates and a non-rubbed
counter-plate spin-coated with a commercially
available polyimide, were prepared and filled with
4-cyano-4'-pentyl biphenyl (SCB) molecules in the
isotropic phase to avoid flow alignment. Polarizing
microscopy showed that the cells contained
aligned LC domains of several square millimeters
(Fig. 4) in the regions of the linear aggregates and
no alignment in other areas. Closer inspection

showed that the alignment was interrupted by
concentric circles, which were the contact pinning
lines (Fig. 3D).

The contact pinning lines themselves do not
align the LC molecules but remain visible, which
indicates that the formed aggregates are the ones
that act as a command layer. Second harmonic
generation (SHG) measurements confirmed that
the mesogenic molecules were uniformly aligned
parallel to the radially oriented stacks of 1 [that is,
perpendicular to the contact lines, in exceptionally
large domains (1 cm?) (Fig. 4)]. As for most
anisotropic surfaces that show LC alignment (37),
the alignment was probably due to (i) a minimi-
zation of elastic energy and (ii) the presence of
molecular interactions between the LC molecules
and the oriented columnar stacks (32). In the case
of the ordered porphyrin patterns, however,
dipole-dipole interactions in particular are ex-
pected to have a large effect, because the head-to-
tail orientation of the amide functions within the
linear aggregates, as shown in Fig. 1D, creates a
macroscopic dipole moment parallel to the
stacking axis (/7). The use of periodic patterns
created by controlled self-organization may lead
to a viable and cheap alternative to current meth-
ods of forming alignment layers.

The remaining challenge in exploiting this
phenomenon will now be to further control the
self-assembly in such a way that surface patterns
can be oriented at will. Control over the periodic
arrays might be accomplished by patterned heat-
ing of the surface with the use of laser gratings or
by application of an electric field to align the
high intrinsic dipole moments of the stacks.
Extra stabilization of the patterns can be achieved
by introducing cross-linkable groups (such as
cinnamate, thiophene, or methacrylate units) in
the alkyl chains, which would allow modification
of the patterns after their deposition on the surface.
The self-assembly/dewetting technique could also
be applied in conjunction with conventional
(photo-)lithographic or stamping methods.
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