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ABSTRACT Studying and understanding the conditions under which organic semiconductors can be

Dewetting

engineered to form aligned single crystals in thin films is of primary importance owing to their unique selventiaper

orientation-dependent optoelectronic properties. Efforts to reach this goal by self-assembly from solution-
processed films have been rewarded only with limited success. In this article we present a new method to

grow single crystalline thin films via solvent annealing. We identify solvate crystal growth in combination
with a specific film dewetting morphology as key to successful fabrication of single crystals. Furthermore,

Aligned Crystal

these 2D single crystals can align on chemically patterned substrates to minimize their interfacial energy. We explore in situ the conditions for crystal

formation and alignment.
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he use of soluble organic semicon-
Tductors in electronic devices such as

organic field effect transistors (OFETs),
organic light emitting diodes, and organic
solar cells is a prospering research field
experiencing rapid advancements.' * Com-
petitive performances for oFETs though have
been reported only for single crystalline
vapor deposited materials®® with few grain
boundaries and a high molecular order.’
While solution processable molecules can
be deposited cheaply onto substrates by
spin coating® or inkjet printing,” the ob-
tained films are typically amorphous or poly-
crystalline due to the complex processes
that take place on the molecular level during
solvent evaporation. Often crystals can be
grown by a postdeposition treatment from
amorphous or polycrystalline thin films, such
as annealing or solvent vapor annealing
(SVA).'° The presence of solvent molecules
allows molecules to rearrange and adopt
configurations closer to thermodynamic equi-
librium than the metastable state obtained
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directly after spin coating.'"'? The nature
of the substrate plays a major role in crystal
growth.”® For example, recrystallization is
supported by a thin condensed solvent layer
on the substrate surface.'*' The growth
of large single crystals during SVA is facilitated
on polymer base films that are soluble in
the solvent used.'® SVA typically utilizes poor
solvents for the material under consider-
ation,"” only a few reports discuss SVA with
good solvents.'® For example, large single
crystals of a solvate crystal of [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) with
the solvent chlorobenzene could be grown.'®
Investigations into different crystal forms of
the same molecule, such as solvate crystals,
offer new opportunities in crystal design.'®
Applications are not limited to pharmaceuti-
cals and agrochemicals, but extend to organic
semiconductors like C60%° and Alg3.2" Lethal
to large area single crystal growth is the
presence of many randomly oriented nuclei.
From this the strategy had emerged to control
nucleation by using patterned substrates.
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Figure 1. Cyanine crystals after solvent annealing in a saturated chlorobenzene atmosphere for 16 h. (a) Dendritic crystals
grown from a continuous 300 nm thick CyC film on gold. (b) Sectored plate crystal and (c) single crystals grown from a
dewetted CyC film on a gold surface. (d—f) CyC single-crystals grown from films dewetted from pure SAM substrates. SFM
scans (5 um x 5 um) of the spin coated films before solvent annealing are shown in the insets.

Briseno et al. created a surface with printed octadecyl-
triethoxysilane (OTS) nucleation regions small enough
to allow only one nucleation event.?? Goto et al. de-
signed a micropattern with small nucleation control
areas and large crystal growth areas.?®

Organic single crystals often show an anisotropic mo-
lecular arrangement, consequently, charge transport de-
pends strongly on their orientation.?* For the integration
of single crystals into devices, the control of the orientation
of the single crystal is thus of importance.> Up to now only
a few practical approaches have been suggested for
solution processed films. One method for enhanced in-
plane orientation is the experiment of Goto mentioned
before. Mascara et al. and Kumatani et al. grew needle-
shaped single crystals of aluminum-tris(8-hydroxy-
quinolin) (Alg3) and dioctylbenzothienobenzo-thiophene
(C8-BTBT) in patterned trenches by SVA, respectively.?5?
In that case an artificial groove corrects the crystal orienta-
tion during growth. We here report a mechanism that
allows for the growth of large single crystalline domains of
a cyanine dye in thin films. The orientation of the crystals
can be guided by growing crystals on a substrate with
patterned self-assembled monolayers (SAM) manufac-
tured by microcontact printing (uCP).%® The crystal favors
orientations that minimize the interfacial energy between
crystal and substrate. Interest for cyanine single crystals
arises from the extraordinary electro-optical properties
of their aggregated state.>* It is known that cyanine
dyes which precipitate from solution primarily form sol-
vate crystals." In thin films, single crystals have been only
grown epitaxially on lipid monolayers>>

RESULTS AND DISCUSSION

Single Crystal Formation. Key to single crystal growth
lies in a particularity of the growth method: We start
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crystallization from a small number of nulcei pres-
ent in amorphous islands that formed during film
dewetting.3® Crystallization itself proceeds in a second
solvent annealing step. In chlorobenzene vapor, thin
film single solvate crystals form. Figure 1 shows optical
micrographs of different crystal morphologies of
the cyanine dye 1,1'-diethyl-3,3,3',3'-tetramethylcar-
bocyanine perchlorate (CyC) after solvent annealing.
In the inset we show scanning force microscopy (SFM)
scans of the films directly after spin coating. On a gold
substrate (Figure Ta—c) and with decreasing solution
concentration, the crystal morphology changes from
dendritic to an ideal single crystal. The differences can
be explained by the varying starting film morpholo-
gies, changing from continuous to individual dewet-
ting droplets (insets to the Figure 1a—c). On a pure
SAM (Figure 1d—f), decreasing the solution concentra-
tion leads to a decrease in dewetting droplet size. Here,
always single crystals were observed, the smaller the
dewetting droplets were , the smaller were the result-
ing crystal. This is already an interesting observation
as such: different crystals can be grown solely by
changing the boundary conditions while leaving the
crystals growth conditions constant. Most commonly
phase transformations in crystalline materials are the
result of a change in the degree of supersaturation. In
our approach the growth speed is regulated via the
overall availability of molecules by changing the den-
sity of dewetting droplets. For growth at high rates,
the growth front becomes unstable and a complex
dendritic, ramified, or fractal pattern can be observed,
whereas for sufficiently slow growth, the formation
of ideal crystals becomes possible. The formation of
the dewetting CyC droplet phase upon spin coating is
described in detail in the Supporting Information.
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Figure 2. (a) Rhomb-shaped cyanine single crystal with the corresponding crystal planes. Inset: selected-area electron
diffraction pattern of the rhomb-shaped crystal. (b left) Molecular packing of the crystal showing the layers formed by CyC
and perchlorate counterions (chlorobenzene is omitted for clarity). (b right) Molecular packing of the crystal, the
chlorobenzene solvent molecules lie in tubes formed by four CyC molecules, only two of the eight disordered sites of
chlorobenzene are shown for clarity. Ellipsoids of the cyanine and perchlorate moieties are at the 50% level, hydrogen atoms
are omitted for clarity. (c) TEM image of a crystal nucleus inside a droplet. (d) A stack of three single crystalline rhombi.

Single Crystal Structure Analysis. In all samples during
early crystal growth, the most frequently observed
crystal morphology was a rhombus with an acute angle
of 72.8(5)° and an obtuse angle of 107.2(5)° (Figure 2a).
A clear rhomb-shaped morphology can be noted at
crystal sizes (length of the longer diagonal) of 5 um.
Rhomb-shaped crystals rarely grow larger than 40 um,
with heights ranging from 100 to 1000 nm. The crystal
structure of the dye was determined by single crystal
X-ray diffraction for crystals grown by vapor diffusion*
with chlorobenzene as solvent and cyclohexane as
antisolvent. The molecular packing of the crystal is
shown in Figure 2b. The crystal is a solvate crystal of a
cyanine dye,* for each dye chromophore we counted
two chlorobenzene molecules. Gas chromatography—
mass spectrometry (GC—MS) showed that the ratio
of dye to solvent in the thin film crystal is the same
as in the bulk crystal. This suggests that both types of
crystals are of the same phase. The almost quadratic
pattern of diffraction peaks (Figure 2a inset) strongly
suggests that the (100) plane is oriented parallel to the
substrate (b~c). On the basis of the out-of-plane
orientation, one can attempt to partially index the side
faces of the rhomb-shaped crystals. We conclude that
the crystals are most likely a combination of {100} and
{h45} faces (Figure S2 in the Supporting Information).

Crystal Nucleation. Single crystals for further investi-
gation were grown in the following 2 step process: first,
a film consisting of amorphous dewetting droplets was
manufactured by spin coating a CyC solution onto a
gold surface with a SAM stripe pattern or a 2D pattern
of 2 um periodicity.
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Figure 3. Cyanine film morphologies on patterned SAMs.
Films were spin-cast from saturated isopropyl alcohol solu-
tions at 1000 rpm (a) and 500 rpm (b) on a stripe pattern and
drop-cast onto a 2D grating (c).

Liquids dewetting from a patterned surface have
attracted much interest in the past decade as they have
proven to be an easy route for patterning of organic
materials from solutions.>® A chemically heterogeneous
substrate may drive substances to specific surface areas.
A cyanine film coated from saturated isopropyl alcohol
solution onto patterned SAMs will decompose into
individual droplets populating only the gold surface
(Figure 3). By utilizing a patterned SAM, the film can
be destabilized into a much denser array of dewetting
droplets compared to a film dewetting from a homo-
geneous substrate, and still single crystal growth is
observed. The denser the droplet array, the larger the
single crystals that can be grown. Later we will show that
the patterned SAM also reorients the crystal during
growth.

We here identified the spin-casting step as the
crystal nucleation stage. An optical analysis of the
morphology of the individual droplets directly after
spin coating suggests that all droplets are amorphous.
Only a TEM analysis of the as cast film shows that in a
few droplets a nanocrystal had formed that may act as
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nucleus for crystal growth. These crystals are about
200 nm in size and show already a rhomb-shaped
morphology (Figure 2c). We can only speculate on
the conditions that are necessary for the growth of
these nuclei. By spin coating from saturated solutions,
the connected solvent evaporation will bring the
system immediately into a regime of supersaturation.
These nuclei were not found in films that wet the
surface, the process of dewetting is thus a necessary
condition for crystal nucleation. Also the dendritic
crystals grown from continuous films (Figure 1a) sug-
gest only a few nucleation events in the wetting film.
Furthermore, during crystal growth almost no addi-
tional nuclei were formed. Once we observed three
layered single crystalline plates of different orientation,
but with exactly the same size (Figure 2d). Here three
nuclei were initially present in one dewetting droplet.

Crystal Growth. Crystal growth occurred in a second
solvent annealing step. The early stage is characterized
by solvent uptake by the amorphous cyanine domains;
the first single crystals became visible in the optical
microscope after about 20 min of solvent annealing.
As chlorobenzene is a good solvent for the dye, we may
assume that a significant number of solvent molecules
are adsorbed and can diffuse into the dye domains and
allow for solvent-mediated amorphous-to-crystalline
transformations. We can estimate the solvent uptake
necessary to lower the glass transition temperature of
the dye to below room-temperature.>” Using a melting
temperature of T,,s = 228 K for chlorobenzene, and a
glass transition temperature of the dye of Ty = 447 K,
we found that the chlorobenzene volume fraction of
the droplet should be at least 27%. This is a significant
amount and explains the possibility of the dye mol-
ecules to rearrange within the bulk of a droplet. Solvent
uptake also leads to coalescence of the initial droplet
distribution as shown in Figure 3, to a distribution as
shown in Figure 4 and Figure 5. The figures further
show the morphological transformation of amorphous
droplets into single crystals. Two growth modes could
be distinguished: in the fast mode, the growing crystal
is in direct contact with an amorphous cyanine droplet
(Figure 4a). The optical images unequivocally show
that the crystal grows at the cost of the merging dye
droplet. We believe that the organization of exactly
one dye molecule and two solvent molecules at the
growth front limits the crystal growth rate. The key
to single crystal growth is therefore the formation of
a solvate crystal with the good solvent chlorobenzene.
Figure 4b shows the growth kinetics of three individual
crystals. The crystal shape is conserved at all times
which implies that the growth rate is the same at all
crystal faces. Otherwise the crystal would also change
its shape. During growth, the height increased maxi-
mally by 10%. An Avrami analysis of the same data
resulted in a growth exponent of 2, confirming a two-
dimensional growth without nucleation®®*° In the
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Figure 4. Single crystal growth when in contact with a liquid
droplet (fast mode). (a) In-situ monitoring of the growth
of a single crystal in contact with a droplet under an optical
microscope. (b) Corresponding growth kinetics of three
different crystals.

slow mode, crystal growth occurs via long-range trans-
port of cyanine dyes to the crystal. Crystal growth is
accompanied by the development of a droplet deple-
tion zone around the growing crystal (Figure 5a).
The rate measured for this mode is about 25 times
slower than when the drops are in direct contact with
the crystals (Figure 5b). We observed that over ca. 10 h
the depleted surface varies linearly with time which
allowed the calculation of an apparent diffusion coeffi-
cientof 1.3 x 107 ' m?%/s. This value has the same order
of magnitude as the diffusion coefficient of dye mol-
ecules in solution, while a surface diffusion coefficient
is orders of magnitudes lower.*° As soon as the liquid
droplet feeding an individual crystal is consumed, the
growth mode switches from fast to slow. When the
depletion zones of neighboring crystals overlap, crystal
growth slows down and eventually comes to a stop.
From Figure 5a we can also estimate the number of
nucleation events. One crystal evolved out of an array
of 200 droplets.

Crystal Orientation. A desired control over crystalliza-
tion includes crystal orientation in the substrate plane.
Here we show that the introduced chemical substrate
pattern (gold/SAM stripe pattern with 2 um periodicity)
influences the crystal orientation. The angle ¢ between
the long diagonal of the crystal and the line direc-
tion was measured for 307 crystals with two different
size distributions. The group of smaller crystals has
an average diagonal length of 10 um, while the group
of larger crystals has an average diagonal length of
19 um. The larger crystals were manufactured from
a denser droplet film; the solvent annealing time was
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Figure 5. Surface-diffusion-controlled growth of a crystal
(slow mode). (a) In-situ monitoring under an optical micro-
scope. In the inset we show one crystal at higher magnification.
The size of the insets is 35 um x 35 um. (b) Corresponding
growth kinetics of one crystal and the area of the depleted
region.

12 h in both cases. For the smaller crystals, prefer-
ential orientations of the rhombi with respect to the
line direction were found at 0°, 8°, 36°, 53°, and 90°
(Figure 6a center). It is conspicuous that most of these
orientations correspond to geometries where either
a diagonal or a side line of the rhombus is parallel to
the substrate pattern. For comparison, the random
angle distribution of rhombi on a nonstructured sur-
face is shown in Figure 6a top. The larger crystals show
a different and less pronounced angle distribution due
to the wider size distribution (Figure 6a bottom). We
recall that during growth, all four crystal faces perpen-
dicular to the substrate advance at the same rate. From
here we can rule out that the crystal appears to change
its orientation because of anisotropic feeding of the
crystals. One must thus assume that either the nuclei
have a preferred orientation, or the crystals as a whole
are capable of moving and rotating with respect to the
substrate. While we cannot rule out a prearrangement
of the nuclei, the latter was observed directly: the inset
of Figure 6b is an overlay of the images of a rhomb-
shaped single crystal shown in Figure 6a at times t = 20,
50, and 85 min. We observe a rotational as well as a
lateral movement of the growing crystal while in
contact with the liquid droplet. The overall rotational
motion of one crystal with time is shown in Figure 6b.
The change in angle over the measurement time
is larger than 10° and carries out an oscillating move-
ment. Such a motion of the entire crystal is only
possible when the friction between crystal and sub-
strate is smaller than the driving force for displace-
ment. A closer look at the microscopic images reveals
that the crystal is not in direct contact with the
patterned SAM, but floats on a thin solvent layer which
wets the crystal surface. In the best case of hydro-
dynamic lubrication, for the crystal to move only the
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friction resulting from the viscosity of the solvent has
to be overcome.*' Assuming a wetting layer thickness
of d = 100 nm, the energy dissipated by friction when
moving a crystal of size A = 25 um? with a velocity of
v=5x 1072 m/s by Ax = 1 um can be estimated by

nAvAx
d

AGs =

whereby 1 = 0.75 mPa-s is the bulk viscosity of chloro-
benzene. The velocity has been estimated from optical
microscope images. We obtain a value of AG¢~ 102" J.
We expect that for liquid layer thicknesses down
to molecular dimensions the response is still liquid-
like, but with a viscosity increased by orders of magni-
tude.*? The driving force for this motion is the mini-
mization of the overall interaction energies between
crystal, lubrication solvent, and substrate. Depending
on the solvent layer thickness, the interaction energies
comprise surface energies and van der Waals forces
(disjoining pressures).** Practically, a most favored
position on the stripes will reposition the crystal such
that the contact area of the crystal with the SAM stripes
decreases. We calculate the energy gain when shifting
the model crystal from the calculation above over a
SAM stripe pattern of 2 um periodicity from an en-
ergetically most unfavorable to a most favorable posi-
tion, assuming an effective surface tension difference
of 10 mN/m between the gold and the SAM surface.
The energy gain then amounts to AGj,c =5 x 107",
orders of magnitudes higher than the dissipation of
energy by frictional forces calculated before. In the
real system the frictional forces are most likely much
higher, but the values confirm that the mechanism is
feasible. To further explain the experimental data we
calculated effective interfacial energies of a rhomb-
shaped crystal on a stripe pattern of 2 um periodicity
as function of position and angle ¢ for four different
crystal sizes (see Experimental Methods, Figure 6c).
The interfacial energies show distinguishable minima
and maxima, their positions, and more pronounced,
their amplitudes change with crystal size. The strong
variation in interfacial energy with lateral motion per-
pendicular to the stripe pattern for crystals covering an
odd number of stripes (e.g., 11.7 and 15 um) reflects
the following: at the energy maximum, the crystal
covers three and four gold stripes, but extends over
four and five SAM stripes, respectively. At the energy
minima, this situation is reversed. For cases where the
crystal covers an even number of stripes (e.g., 10.0 and
13.4 um), any motion of the crystal has a minor effect
on the overall interfacial energy. Under crystal width
we here understand the length of the side faces.
For each crystal size, a certain position and orienta-
tion minimizes the interfacial energy (represented by
Figure 6c). We thus must assume that during growth
the crystal will continuously adapt angle and position
to the applicable energy minimum, such a motion is
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Figure 6. Oriented crystallization. (a) Angular distribution of the orientation of single crystals on a homogeneous substrate
(top) and on a SAM line pattern with 2 um periodicity. The middle and bottom histograms show the distribution for crystals of
different sizes. Preferred orientations are noticeable on the patterned substrates. Inset: corresponding crystal orientations.
(b) Rotational movement of a single crystal in contact with a liquid droplet with time. (c) Calculation of the interfacial energy as
a function of ¢ for 0° < ¢ < 90° and a lateral movement perpendicular to the stripe pattern of one periodicity for 15.0, 13.4,

11.7, and 10.0 um large crystals.

indeed observed experimentally (Figure 6b). The
minimum found at 36° is especially pronounced
and returns periodically during crystal growth to
that position (Figure 6c). Practically, a growing crystal
oriented between 26° and 46° to the pattern
will repeatedly experience a force that will orient
the crystal to 36°. Also other well-defined minima in
the interfacial energy plot coincide with the statisti-
cally observed orientations of the 10 um crystal size
distribution.

To improve the alignment, we attempted to better
match substrate pattern and crystal geometry. A hexa-
gon has angles of 60° and 120°, being closer to the
angles of the rhomb shaped crystal. In most cases
the dewetting droplet is pinned to the SAM pattern
(Figure 7a). From our data it is hard to evaluate what
the influence of this contact line pinning on crystal
orientation is. On a hexagonal SAM pattern, coalescing
dye droplets often take the shape of a rhombus
(Figure 7b) and evolve into a perfectly aligned crystal
(Figure 7c). Nevertheless, the rhombus is not the only
shape that evolves during coalescence, and we suspect
that other shapes prevent crystal alignment. We may
further improve the alignment statistics with a droplet
pattern with the exact angles of the crystal, but it
seems that here contact line pinning has a stronger
influence than the interfacial energy minimization.
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a) b)

Figure 7. Crystal orientation on a hexagonal pattern.
(a) Contact line pinning of a coalescence droplet on a
1D pattern. (b) Coalescence on a hexagonal pattern
results in droplets, rods (from 2 droplets), triangles
(3 droplets), and rhombs (4 droplets) with angles close
to that of the crystals. (c) These patterns yield well aligned
rhomb-shaped crystals.

CONCLUSIONS

In summary, we introduced a new method to grow
single solvate crystals in thin films by solvent anneal-
ing. The crystal growth method should be applicable to
the large class of molecules that can form solvate
crystals. Most likely by far not all crystal forms of
organic molecules have been discovered. The nature
of the dewetting pattern of the starting film allows
controlling crystal growth, especially the growth direc-
tion of the crystals can be controlled with patterned
SAMs. A model based on the minimization of interfacial
energy can convincingly predict the favored positions
on the surface. The design of a substrate pattern for
crystal orientation is rather complicated and needs to
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not only take the specific shape of the crystal into
account. A proper design of the starting dewett-
ing morphology may allow full control over crystal

EXPERIMENTAL METHODS

Preparation of Patterned Substrates. Patterned self-assembled
monolayers (SAMs) were prepared by microcontact printing
(,uCP).28 Materials for the deposition were purchased from Cerac,
Inc. A 3 nm thick chromium adhesion layer and a 10 nm thick
gold layer were deposited at a typical deposition rate of 0.1 A/s
at a pressure of 6 x 10~° mbar onto microscope glass slides.
The patterned poly(dimethylsiloxane) stamp (PDMS) was pre-
pared by pouring a vacuum-degazed 10:1 (wt) base:curing-agent
mixture (Sylgard 184, Dow Corning) on a patterned silicon wafer
bearing 280 nm-deep patterns with different periodicities. This
mixture was cured at room temperature for 24 h. The patterned
PDMS stamp was swelled for 5 s by drop contact with a 0.5 mM
solution of octadecanethiol (Sigma Aldrich) and dried under
nitrogen flow for 10 s. It was then maintained in contact with
a freshly deposited gold surface for 10 s, resulting in a stripe
pattern of CH3-terminated SAMs (hydrophobic) on the gold
surface.

Film Formation. The cyanine dye 1,1'-diethyl-3,3,3’,3'-tetra-
methylcarbocyanine perchlorate (CyC) was synthesized in
our laboratory.***> CyC was dissolved in isopropy! alcohol at
different concentrations and then spin-cast onto patterned
gold substrates. Thicknesses were adjusted by varying the
concentration or the spin speed. Consecutively the films were
solvent-annealed in a saturated chlorobenzene atmosphere in a
self-built chamber allowing in situ optical monitoring. Solvents
were purchased from Aldrich and used as received.

Characterization. Scanning probe microscopy surface scans
of the samples were performed with a Nanosurf Mobile S
(Nanosurf AG, Liestal, Switzerland) in tapping mode at a reso-
nance frequency of 170 kHz with silicon cantilevers from
Mikromasch, Nanosensors TM.

Transmission electron microscopy (TEM) was performed
with a Philips CM 30 at an operating voltage of 300 kV. Samples
were prepared on amorphous carbon coated TEM grids from
Agar Scientific.

Single-crystal X-ray analysis of the cyanine dye was per-
formed using a Bruker Nonius APEX-Il CCD diffractometer with
MoKa. radiation (1 = 0.71073 A) and graphite monochromator.
The structure was solved by direct methods (SHELXS97)
and refined by full-matrix least-squares on F2 (SHELXL97).%¢
Non-hydrogen atoms with the exception of the disordered
chlorobenzene were refined anisotropically, H-positions were
calculated and included in the structure factor calculation. Dye:
C27H33N2+, ClO4-, C6H5CI, MW = 597.55, space group mono-
clinic C2/c, cell a=23.9162(7) A, b= 16.8152(6) A, c = 15.6580(6)
A, $=92.811(1)°,z=8,7' =1, R-factor = 7.33% (378 parameters,
5130/ > 20(l)). Crystallographic data (excluding structure factors)
for the structure(s) reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplemen-
tary publication no. CCDC-923770.

Gas chromatography—high resolution mass spectrometry
(GC-HRMS): quantitative determination of chlorobenzene was
carried out on a MAT 95 mass spectrometer (Thermo Finnigan
MAT, Bremen, Germany) coupled to a gas chromatograph HRGC
Mega 2 series (Fisons Instruments, Rodano, Italy). GC separation
was effected on a 20 m x 0.30 mm glass capillary coated column
with a DB-5 analogue stationary phase (PS 086, Fluka, Buchs,
Switzerland) with a film thickness of 2.4 um using hydrogen at
40 kPa as carrier gas. The following temperature program was
used: 40 °C (1 min), 5 °C/min up to 150 °C. The mass spectro-
meter was operated in high resolution mode (mass resolution
m/Am = 7800) using electron ionization (electron energy 70 eV)
at an ion source temperature of 180 °C. Chlorobenzene was
detected by selected ion monitoring (SIM) of the molecular ions
at m/z 112.0074 (C6H535CI+) and 114.0045 (C6H537CI+).
Quantification was based on an ethanolic solution containing
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orientations and positions by self-assembly and may
open low cost fabrication routes for efficient organic
electronic devices.

500 ppb (v/v) chlorobenzene as an external standard and
evaluation of the signal areas of the mass chromatograms.
For this experiment, fully crystallized films were dissolved in
ethanol. The chlorobenzene concentration value obtained by
this method was compared to the concentration of cyanine
present in the same solution measured by UV—vis. A ratio of
1.90 + 0.2 was found between solvent and dye in the crystals.

Interfacial Energy Calculation. Minimization of the interfacial
energy between the rhomb-shaped crystals and the patterned
substrates was computed on Mathematica. The size and orien-
tation of the rhombi was varied above a fixed patterned geom-
etry using a 2D rotation matrix and the corresponding energy
was computed by a sum of integrals on the successive covered
gold/SAM stripes. For the calculations we chose an arbitrary
value for the energy difference between the crystal covering
the gold or SAM surface as it does not change the qualitative
picture. The surface energies of an amorphous CyC film have
been measured before (y = 34.3 mN/m),*” while the surface
energy of the crystal is unknown. The surface energy value for a
pure CHs-terminated SAM on Au is y = 19—20 mN/m.* The initial
surface energy of neat (111) Au can be as high as y = 1250 mN/m,*
but this value decreases rapidly when the surface is exposed to
air.>° As a low estimate for an effective interfacial tension difference
between the (crystal-solvent-gold) and (crystal-solvent-SAM) inter-
face we chose a value of y = 10 mN/m.
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