FULL PAPER

Crystalline mono- and multilayer self-assemblies of oligothiophenes

at the air—water interface

Sandrine Isz, Isabelle Weissbuch, Kristian Kjaer, Wim G. Bouwman, Jens Als-Nielsen,
Serge Palacin, Annie Ruaundel-Teixier, Leslie Leiserowitz,* and Meir Lahav*

Dedicated to the memory of Dr. Lev Margulis

Abstract: The formation of Langmuir
monolayers at the air—water interface has
long been believed to be limited to am-
phiphilic molecules containing a hydro-
phobic chain and a hydrophilic head-
group. Here we report the formation of
crystalline mono- and multilayer self-as-
semblies of oligothiophenes, a class of

isotherms, by scanning force microscopy
(SFM) after transfer of the films onto
atomically smooth mica, by cryo-trans-
mission electron microscopy (Cryo-TEM)
on vitreous ice, and by grazing incidence
synchrotron X-ray diffraction (GID) di-
rectly on the water surface. S, forms two
polymorphic crystalline multilayers. In
polymorph «, of structure very similar to

that of the three-dimensional solid, the
molecules are aligned with their long
molecular axis tilted by about 23° from
the normal to the water surface. In poly-
morph f the long molecular axis is per-
pendicular to the water surface. S, self-ag-
gregates at the water surface to form
mixtures of monolayers and bilayers of

aromatic nonamphiphilic molecules, self-
aggregated at the air—water interface. As
model systems we have examined the de-
position of quaterthiophene (S,), quin-
quethiophene (S), and sexithiophene (S¢)
from chloroform solutions on the water
surface. The structures of the films were
determined by surface pressure—area

Croscopy

Introduction

Polythiophenes are currently attracting attention owing to their
physical properties as processable polymeric organic conduc-
tors.[*- 21 These molecules have also been used as molecular wires
inside Langmuir—Blodgett films to induce charge transfer be-
tween donors and acceptors.’®! Since these physical properties
depend upon the structure and the orientation of the molecules
in a solid matrix,[* > the construction of thin organic films by
techniques such as Langmuir--Blodgett or self-assembly is of
great interest.
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the § polymorph; S, forms primarily crys-
talline monolayers of both « and f forms.
The crystalline assemblies preserve their
integrity during transfer from the water
surface onto solid supports. The relevance
of the present results for the understand-
ing of the early stages of crystal nucleation
is presented.

micros-

Recent studies have demonstrated that hydrophobic mole-
cules such as n-perfluoroalkanes® and n-alkanes,!”? upon depo-
sition on a water surface, form crystalline self-aggregates akin to
those formed by amphiphilic molecules bearing polar head-
groups. In order to probe the generality of the crystalline film
formation by hydrophobic molecules, we embarked upon an
analysis of the packing arrangements of polyaromatic molecules
on the water surface. Here we describe structural studies on the
self-organization of oligothiophenes by surface pressure—area
isotherms and grazing incidence X-ray diffraction (GID) on a
water surface, by scanning force microscopy (SFM) after depo-
sition onto a smooth mica surface, and by cryo-transmission
electron microscopy (Cryo-TEM) on vitreous ice. The ability to
determine the structurc of the uncompressed oligothiophene
self-assemblies on water and after transfer to a solid support
provides a better way of monitoring the film properties.

Experimental Section

Quaterthiophene (S,) and quinguethiophene (S;) were synthesized from
dibromothiophene and dibromobithiophene, respectively, by means of a
modified Steinkopf method!™® with a phosphine—nickel complex catalyst.
Sexithiophene (S,) was synthesized from terthiophene by means of an oxida-
tive coupling procedure involving CuCl,."”!
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Surface pressure—area (n—4) isotherms of the materials dissolved in pure
chloroform (Merck) were measured on a Lauda trough at room temperature.

Scanning force microscopy (SFM) measurements were performed in air with
a Topometrix TMX 2010 stage. Sample preparation involved spreading of the
solution on the water surface, for a nominal area per molecule of 25 A2 at
room temperature, followed by cooling to 5 °C. The subphase was then slowly
drained in order to deposit the film onto a freshly cleaved mica support
located below the water level 1%

Cryo-transmission electron microscopy (Crye-TEM) measurements were per-
formed on a Philips CM 12 microscope with collodion-carbon coated
400 mesh grids mounted on a Gatan cold stage for work at —175°C. The
samples were prepared in 4 manner similar to that of SFM, but transferred
onto the electron microscope grids. After film transfer the grids were plunged
into liquid ethane to vitrify thc water layer.'’}

Grazing incidence X-ray diffraction (GID) experiments were carried out on the
liquid surface diffractometer at the synchrotron beamline BW 1, Hasylab,
DESY, Hamburg. The experimental setup has been described else-
where.[12#31 The ofigothiophene samplcs for the GID experiments were pre-
pared by spreading solutions in various concentrations that were freshly
sonicated or had been aged for about one day onto the water surface at room
temperature. After spreading for a given nominal area per molecule, the
samples were cooled to 5°C and GID measurements were performed at
various points along the isotherm.

In a GID experiment the evanescent wave is diffracted by the lateral 2D
crystalline order, leading to Bragg peaks in the measurement of scattered
intensity as a function of the horizontal component (g,,) of the scattering
vector. There is no restriction on the vertical componerit (g,) of the Bragg
scattered beam leading to so-called Bragg rods. With a Soller collimator to
define the horizontal scattering angle 26 and a vertical position-sensitive
detector to define the vertical scattering angle «,, where %, is the angle between
the water surface and the scattered beam, one thus determines the horizontal
(4,,) as well as the vertical (¢,) components of the scattering vector. The term
4., is approximately equal to (4n/2)sin(0,,). The vertical component ¢, is
equal to (2m/A)sina,. The Gy values yield the unit cell dimensions, and the
intensity distribution along ¢, permits determination of the molecular pack-
ing. The GID data of the mono- and multilayers were analysed in terms of
unit cell dimensions and plane group (or space group) determination as well
as X-ray structure factor calculations with atomic coordinate models to fit the
Bragg rod intensily profiles, as described elsewhere [14]

Results

Surface—pressure isotherms: The solubility of the oligothio-
phenes (S,, # = 4-6, Scheme 1) in organic solvents decreases
with an increase of the number of thiophene rings. Quaterthio-
phene (8,) was spread on the wa-
s ter surface from solutions of vari-
WA I, ¢

s \ / s ous concentrdtlops (0.5mm,
2 25uM, 7uMm). The isotherms be-
came more expanded with in-
creasing dilution (Figure 1 a), but
also with sonication. The nomi-
nal area per molecule (i.e., trough
surface area divided by the number of molecules) of the com-
pressed film varies from 5 to 10 A% with dilution. These values

suggest that the molecules mainly form multilayers.

S5 and S, being less soluble, were spread from very dilute
solutions, for example 7uM. These two oligomers show similar
isotherms with a limiting area per molecule of about 25 A2
(Figure 1b, curves b and ¢), indicating monolayer formation in
which the long molecular axes are aligned perpendicular to the
water surface.

Scheme 1. Oligothiophenes S,
n=4,56.
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Figure 1. a) Surface pressure - area isotherms of S, spread from CHCI, solutions
at various concentrations (a, —: 0.5mM; b, - —: 25uM: ¢, & Tum): by surface
pressure —area isotherms of oligothiophenes (a, A:S,:b.—~—: S;ic.— ' S,) spread
from 7um CHCI, solutions.

Scanning force microscopy (SFM): In order to obtain further
knowledge on the structure and size of these assemblies, we
transferred the films from the water surface onto atomically
smooth mica by draining the water, and analysed them by
SFM 131

Figure 2a shows a SFM topography image of S, on mica
obtained from a 0.5mu solution. The observed domains are
heterogeneous and rounded in shape. The measured thickness
in different regions of the sample varies from 60 to 200 A,
On spreading from dilute solution (7um), the domains be-
came much larger in size and much thinner (16 A), as
shown in Figure 2b. SFM studies performed on S, reveal the
formation of large areas (2—5 um) of monolayer, 20 A thick
(shown in Figure 2¢), and several multilayer domains {(not
shown). S, forms a monolayer film with a thickness of
26 A (Figure 2d). These film thicknesses of 16, 20, and 26 A
for S,, Ss, and S respectively, which correspond to their
molecular lengths, indicate that the molecules preserve their
orientation after transfer from the water surface onto the mica
support.

Cryo-transmission electron microscopy (Cryo-TEM): We studied
films on vitreous ice by Cryo-TEM in order to glean informa-
tion on their crystallinity and morphology. The bright field im-
ages of S, shown in Figure 3a display round domains similar to
those observed by SFM. Differences of contrast were observed
in different areas of the sample, which presumably correspond
to the formation of layers of different thickness. On the other
hand, the electron microscopy bright field images for S, and S,
are somewhat different; S, forms a homogeneous film (Fig-
ure 3 g) whereas the film formed by S; is inhomogeneous (Fig-
ure 3d).
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Figure 2. SFM topography images and height profiles of: a) S, film obtained from
a concentrated solution (0.5mu); b) S, film obtained from a dilute solution (7 pm);
¢) S; film obtained from a dilute solution (7pum): d) S, film obtained from a dilute
solution (7 um).

( 151‘)!: nm

The electron diffraction pattern of the S, crystallites is shown
in Figure 3b. The intense spots from a single crystal, superim-
posed on rings, reveal a preferential orientation. The spots with
the largest d-spacings of 4.3, 3.75, 3.08 A were assigned Miller
(hk) indices (1,1), (0,2), and (1,2) respectively, yielding a
rectangular unit cell of dimensions @ = 5.4 and b =7.5 A. Based
on this unit cell, the additional higher-order reflections could be
indexed (Figure 3¢). The observed rings indicate the presence of
an additional phase with d-spacings of 4.6, 3.8, and 3.1 A, which
were assigned (h,k) indices (1,1), (0,2), and (1,2), yielding a
rectangular cell of dimensions @ = 5.8 and » =7.6 A. This result
shows the presence of two polymorphs, « and 8.

The electron diffraction patterns of S, include three strong
diffraction rings of d-spacings 4.60, 3.90, 3.25 A (Figure 3e); the
corresponding bright field image is shown in Figure 3d. The
electron diffraction pattern of Sy arises from a single crystal
(Figure 3h), and thus could be unambiguously indexed (Fig-
ure 31). Rectangular unit cells of dimensions & = 5.6, b =7.6 A
forSsand a = 5.7, b =7.9 A for S, were derived. The calculated
area per molecule (ab/2) for each crystallite is 21.3 and 22.3 A2
respectively.

Grazing incidence X-ray diffraction (GID): The surface diffrac-
tion measurements provide direct information on the crystallini-
ty and structure of the films on the water surface. Moreover it
is possible to derive their crystal structures to near-atomic reso-
lution.

Quaterthiophene S,: As previously described, S, yielded a n- 4
isotherm of a shape dependent on the concentration and sonica-
tion time of the spreading solutions, and therefore we investigat-
ed the effect of these parameters on the structure and
thickness of the S, films in situ on the water surface.
First we measured the GID patterns of S, samples
formed by spreading a 0.47mm chloroform solution
that was sonicated for 2 hours, or aged for one day
just before use. The GID measurements were per-
formed for various nominal areas per molecule. The
sample prepared by spreading the freshly sonicated
solution yielded a highly intense GID pattern at nom-
inal areas per molecule of 25 and 17 A2 1n contrast,

the sample prepared by spreading the aged solution

did not diffract at an area per molecule of 25 A2, but
a GID pattern was obtained for 12.5 A2, at which
point the surface pressure just began to rise (Fig-
ure 1). The three GID patterns are very similar and
consist of six major Bragg peaks, shown in Figure 4 a.

[¥]
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Figure 3. a, d, g) Cryo-transmission electron microscopy bright field
images corresponding to the S,. S5, and S, films, respectively (scate:
65mm=15um for a and g; 6.5mm=24um for d): b, e,

> r h) obhserved electron diffraction patterns of S,, S5, and S, films, re-

spectively; ¢, i) drawings of the Miller-indexed reciprocal lattices of

the electron diffraction patterns b and h, respectively. Note that in ¢

REIST] the solid circles (powder diffraction) and the intense spots (from a
il single crystal) superimposcd correspond to the f polymorph. The pow-
3.‘ ':: der lines arising from the o polymorph arc dashed. ) Indexed powder

pattern corresponding to e.
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{20}, {21} + {21}, and {13} + {13}. The dimensions of this 2D
cell are very similar to those reported for the layer structure in
macroscopic S, powders, the packing arrangement of which was
obtained from X-ray powder diffraction data."®I Consequently,
the S, crystallites must consist of molecular layers oriented par-
allel to the water surface. Inspection of the GID pattern mea-
sured for the sample prepared by spreading the aged solution
shows two additional very weak peaks at g, values of 1.36 and
1.95 A~ that correspond to a different polymorph (Figure 4a),
and which were not observed for the film spread from freshly
sonicated solution.

The measured Bragg rod intensity profiles (Figure 4b) give
direct information on the thickness of the crystallites. For ex-
ample, the {11} +{11} intensity profile displays modulations
with a full width at half maximum (FWHM =
0.17 A~") yielding an estimated film thickness

T T T T T
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(21)+{21} 1 of about 33 AT The separation (Aq.=

037A"° 1) between the first two modulations at
1 7,~0.19 A~* and 4,2 0.56 A~ ! indicates an in-
terlayer spacing of about 17A ( = 27/0.37).
Therefore the crystallites consist of two lay-
ers .18l

A detailed packing structure of S, crystallites

-20

‘ was obtained by X-ray structure factor calcula-
tions for a molecular model constructed from the
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3D single crystal structure of S,.1"?} The result-
ing calculated Bragg rod intensity profiles com-
pare reasonably well with the measured values
(Figure 4b). The packing arrangement, shown
in Figure 4 ¢, consists of a bilayer with the mole-
cules related by twofold screw symmetry (along
the b axis) within the layer. The second layer is
generated across a center of inversion, as in the

Figure 4. GID results for the Langmuir film of S, prepared from a spreading solution of 0.5mm.
a) Total scattered intensity /(g,.) as a function of the horizontal g, component of the scattering vector
q. The two reflections corresponding to a minor phase are denoted as §; b) measured (x x) and
calculated (— ) Bragg rod intensity profiles /(g,) of the reflections {11} + {11}, {02}, {20}, {12} + {12},
{21} +{21}, and {13} +{13}; ¢) left, middle: crystalline packing arrangement of the bilayer viewed
parallel to the water surface (along the ¢ and b axes respectively); right: layer packing viewed parallel

to the long molecular axis.

Assignment of the two peaks at g, values of 1.31 and 1.60 At
with Miller indices {11} + {11} and {02}, respectively, yielded a
rectangular cell of dimensions a = 6.08, b =7.86 A and a molec-
ular area of 23.9 A2. Corresponding to this cell, an additional
four observed reflections were assigned indices {12} + {12},

Chem. Eur. J. 1997, 3, No. 6 ©
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3D single crystal of S,. The molecular axis
makes an angle of 23.5° with the normal to the
layer plane. We may express this bilayer struc-
ture in terms of a unit cell « = 6.08, b =7.86,
c=1554, p =101°, space group P2,/a, with
two molecules in the cell and whose centers coin-
cide with the crystallographic inversion centers.

We now focus on the effect of concentration of
the spreading solution. The GID measurements
were performed on S, samples prepared from a
freshly sonicated (3 hours), very dilute solution
(6.8 uM) spread for a nominal area per molecule
of 50 A2. Diffraction patterns were measured at
25 and 17 A2 per molecule. The resulting GID
pattern (Figure 5a) is displayed in the form of a
two-dimensional intensity distribution I(g,,.4.)
as a function of the horizontal (¢,,) and vertical
(4,) components of the scattering vector ¢. The
three Bragg peaks at g, values of 1.37, 1.64,
and 1.95A77 were assigned Miller indices
{11} 4+ {11}, {02} and {12} + {11}, yielding a 2D
rectangular cell of dimensions ¢ = 5.71, b =7.67 A and an area
per molecule of 21.9 A2, This polymorph, which was observed
also for S, spread from concentrated solution but as a minor
phase, will be denoted as the f form, since it was not reported
for the macroscopic solid (x polymorph).

0947-6539/97/0306-0933 $ 17.50 + .50/0 933
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The ab unit cell dimensions of the a form, when projected
onto a plane perpendicular to the long molecular axis, yield axes
a,=5.58 A (= acosr, where 1 is the molecular tilt angle of
23.5” along the a axis), b, = b =7.86 A. The molecular cross-
sectional area a,b,/2 = 21.9 A? matches the molecular area of
the f form. These results indicate that in this § form the molec-
ular axis must be almost perpendicular to the layer plane. Fur-
thermore, the agreement between the lengths of the correspond-
ing axes ¢, b, of the o form and a. b of the §§ form is fingerprint
evidence that the two molecules within the layer must be related
by glide symmetry in the same way as in the o form. The only
remaining question is the symmetry and spatial relation between
the two layers. The interlayer contacts in the 3D crystal struc-
tures of oligothiophenes S,1'* and S,!2°! are achieved across
centers of inversion. The same symmeltry operation was as-
sumed for the interlayer arrangement of the § form. The layer
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Figure 5. GID results for the film of S, prepared from a spreading solution of
6.8 uM. a) Two-dimensional scattered intensity contour plot /(g g.) as a function
of the horizontal ¢, and vertical ¢, components of the total scattering vector ¢;
by measured (% x) and calculated (- -) Bragg rod intensity profiles I(g.) of
the reflections {11} +{1T}, {02}, and {12} +{12}; ¢) left, middle: crystalline
packing arrangement of the bilayer viewed parallel to the water surface (along
the @ and b axes, respectively); right: layer packing viewed perpendicular to the
water surface.
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symmetry is 2, /a, where the 2, axis is parallel to » and the glide
is along the @ axis. In order to maintain this 2, /a crystallograph-
ic symmetry for the bilayer, the two layers related by translation
can be offset only along the g axis. We obtained an excellent fit
between the calculated and observed (Figure 5b) positions of the
Bragg rod maxima for an interlayer spacing of 17.4 A and an
offset between the translationally related layers of 2.1 A in the
direction of the a axis (Figure 5¢). The poor agreement between
the observed and calculated intensity profiles, particularly for
the {1,2} reflection, is most likely due to X-ray beam damage to
the sample. The skewed peak at ¢, 1.47 A~ (Figure 5a) must
belong to an unknown crystalline phase or to an impurity (sec
results for S;).

In conclusion, S, crystalline self-assemblies on water display
polymorphism dependent on the concentration of the spreading
solution. The samples prepared from relatively concentrated
spreading solutions crystallize in the o polymorph as the major
phase, with molecules tilted from the layer normal by 23.5°,
whereas the samples prepared from very dilute spreading solu-
tions crystallize in a § polymorph with molecules aligned normal
to the layer plane.
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Figure 6. GID results for a monolayer film of S; prepared from a spreading solu-
tion of 6.8 uM. a) Two-dimensional scattered intensity contour plot I{q,,. q.) as a
function of the horizontal ¢,, and vertical q. components of the total scattering
vector ¢; b) measured ( x x ) and caleulated (—) Bragg rod intensity profiles I1¢,)
of the reflections {11}-+{11}, {02}, and {12} +{12}; ¢) left, middle: crystalline
packing arrangement of the monolayer viewed parallel to the water surface: right:
layer packing viewed perpendicular to the water surface.

0947-6539{97/0306-0934 § 17.50 + .50/0 Chem. Eur. J. 1997, 3. No. 6



Oligothiophene Films

930-939

Quinquethiophene Ss: Samples of Sy were spread from a very
dilute solution of 6.8 uM concentration and measured at nominal
areas per molecule of 70, 50, and 35 A2 corresponding to 4 very
low surface pressure (see Figure 1b). The obtained GID pat-
terns (Figures 6a, 7a) are consistent with the formation of the f
crystalline polymorph (see above section on S,) composed of
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molecules aligned normal to the water surface, in a cell of di-
mensions @ = 5.62, 5 =7.69 A,y = 90°. The skewed Bragg peak
at g, =1.51 A1 observed in one of the samples (Figure 6a) is
very similar to that already observed for S, spread from very
dilute solutions, which was ascribed to an unknown crystalline
phase or to an impurity. This peak is inconsistent with the major
B polymorph.t?"!

According to the n— A4 isotherm of S, which shows a surface
pressure increase starting with an area per molecule of x~45 A2
(Figure 1b, curve b), and the SFM images (Figure 2¢), we
might expect the formation of a monolayer film. Indeed the
GID pattern obtained from one of the S, samples (Figure 6 b is
consistent with the formation of a crystalline monolayer. Al-
though belonging to the same crystalline § polymorph, the
Bragg rod intensity profiles measured from the second S,
sample (Figure 7b) are very different in shape from that of the
first one (Figure 6 b), being consistent with the formation of a
bilayer. We stress that the distinction between the two sets of
Bragg rods (Figures 6b and 7b) is very clear, enabling us to
determine unequivocally the crystallites’ thickness and packing
arrangement. The lack of reproducibility in the number of layers
observed indicates that S, forms crystalline films under a kinet-
ically controlled process.

X-ray structure factor calculations based on a molecular
model constructed from the 3D crystal structure of S,1'%
showed that for the monolayer film the Bragg rod intensity
profiles (Figure 6b) are in good agreement with a crystalline
lattice constructed of vertically aligned molecules related by a
glide parallel to the a axis (Figure 6¢). For the bilayer sample,
we constructed a crystalline structure of minimum total energy

in the space group Pram using CERIUS? soft-
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— ware.[22! Based on this crystal structure, the cal-
culated Bragg rod intensity profiles (Figure 7b)
) were obtained for bilayer crystallites, with the
molecules being related by glide symmetry
1 (along the « axis) within the layer and by a
twofold screw axis (parallel to the ¢ axis) between
the layers (Figure 7¢). Note that the general
shape of the Bragg rods, especially of the high
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.

-100 - 4

—»bh

Figure 7. GID resuits for the bilayer film of S prepared from a spreading solution
of 6.8um. a) Total scattered intensity /(g,,) as a function of the horizontal g,,
component of the scattering vector ¢; b) measured ( x x)and cafculated (— ) Bragg
rod intensity profiles I(g,) of the reflections {11}+{1T}, {02}, {12} +{12},
{21} + {21}, and {13} + {13}, ¢) left, middle: crystalline packing arrangement of the
bilayer viewed parallel to the water surface; right: layer packing viewed perpendic-
ular to the water surface.
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order reflections, is very sensitive to the inter-
layer packing arrangement, thus enabling us to
determine the structure with a high degree of
accuracy.

In summary, S, forms crystalline monolayer or bilayer self-
assemblies at the air—water interface, in a packing arrangement
belonging to the f§ polymorph, namely the untilted form. For the
bilayer assemblies, a “three-dimensional” structure with a well-
defined space group could be constructed. Whether this 8 poly-
morph is induced during crystallization from very dilute spread-
ing solutions, as in the case of the S, films, is not clear.

0.7

Sexithiophene S,: The GID measurements were performed on a
S¢ film prepared by spreading from a dilute solution (6.9 um)
sonicated for 24 hours because of the very low solubility of the
compound, and at nominal areas per molecule of 50 and 25 A?
(Figures 8a,b).

We can unambiguously assign the four Bragg peaks at ¢,
values of 1.378, 1.625, 1.965, and 2.675 A~ as belonging to a
crystalline phase with cell dimensions « = 5.63, b =7.73 A,

0947-6539/97{0306-0935 § 17.50+ 50,0 — 035
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Figure 8. GID results for two points along the n— A4 isotherm of the Langmuir film
of S, prepared from a spreading solution of 6.9 um. a) At 50 A?/molecule: left: total
scattered intensity /(q,,/ as a function of the horizontal ¢, scattering vector; right:
two-dimensional intensity contour plot I{g,,.¢4.) as a function of the horizontal ¢,,
and vertical ¢, scattering vectors. Note that only {11} + {1T} and {02} reflections are
shown. b) At 25 A?/molecule. Scattered intensity I(y.,) as a function of the ¢,
vector. The Bragg peaks of the two polymorphs, abbreviated as « and 8, are shown
with the corresponding Miller indices. The sharp peak at ¢, =1.31 A~ %in both a
and b, denoted 3D, corresponds to a macroscopic crystal.
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Figure 9. S, monolayer crystalline film of the § polymorph: a) measured (x x)
and calculated (—) Bragg rod intensity profiles /(q,) of the reflections {11} + {11}
and {02}; b) left, middie: crystalline packing arrangement of the S, monolayer
viewed parallel to the water surface; right: layer packing viewed perpendicular to
the water surface.
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y = 90°, corresponding to the f form.
The film thickness estimated from the
Bragg rod profiles corresponds to a
monolayer. The packing arrangement of
this f form was obtained by construc-
tion, with CERIUS?, of a 2D crystal of
minimized lattice energy, with layer
symmetry P2,/a and in which the long
molecular axes are aligned perpendicu-
lar to the surface. This packing arrange-
ment for a monolayer (Figure 9b) yield-
ed the calculated Bragg rod intensity
profiles shown in Figure 9a.

The GID patterns display another set
of four Bragg peaks; the ratio of inten-

sities between this set and that of the f§ phase depends on the

state of the sample (Fi

gures 8a,b). Based on this observation

and from the g,, positions of all these peaks we obtained a
rectangular cell of dimensions a = 5.9, » =7.86 A. We may as-

sign these reflections as
of the o form, namely a

belonging to a single phase akin to that
herringbone structure with chains tilted

along the a axis. The FWHM of the {0,2} Bragg rod at

4y =1.598 A~1 (Figur

e 8a, right) suggests a monolayer, but

that of the two intensity modulations of the {1,1} Bragg rod at

q,, =133 A~ (Figure

8a, right) suggests more than a mono-

layer.?*! In addition, the very narrow peak at g,, of 1.31 A™!
corresponds to a macroscopic crystal of S¢ (o polymorph), pre-

sumably not dissolved

during the prolonged sonication time,

which transiently passed across the beam footprint.

Thus the S, films
consist mainly of a
monomolecular  crys-
talline layer at the air—
water interface, in
agreement with the n—
A i1sotherms and SFM
measurements.

Mixed films—sexithio-
phene as a growth in-
hibitor: In order to con-
trol the thickness of the
S, self-assemblies, we
grew them in the pres-
ence of S¢ as a tailor-

made  growth  in-
hibitor.?4 Since both
molecules have very

similar structures, Sg
may be incorporated in
the S, crystallites and
perturb their interlayer
growth perpendicular
to the water surface.
Solutions of S, (25um)
containing 10 and 20%
{molar) of S, were
spread at the air—water
interface after long
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Figure 10. Surface pressure—area isotherms
of the mixed films: a) S,:S; with varying per-
centage of S, (a: 0, b: 10, ¢: 20). The isotherm
d of a pure S, monolayer film is given as a
reference. b) 1:3 S,:arachidic acid mixed
films (a: n = 4, b: n = 6). The isotherm ¢ of
pure arachidic acid monolayer film is given as
a reference.
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sonication time. The isotherms show a significant in- a
crease in the limiting area per molecule, which is 12 and
18 A2 respectively (Figure 10a). These values are
smaller than those corresponding to a monolayer film,
implying that the multilayers were not completely
transformed into a monolayer film.

The above conclusion was further supported by
Cryo-TEM and SFM measurements on the 10 % mix-
ture. The electron diffraction measurements showed a
powder pattern composed of rings with d-spacings of
46, 4.3, 3.8, 3.15, 3.05A (not shown). These values
could only be explained in terms of a mixture of the two

1 SII
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o and ff polymorphs. The bright field images exhibit an 0
inhomogeneous membrane differing in morphology

Y 1 —
T T 1
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from the round domains of the pure s4 . The SFM mea- Figure 12. SFM topography images and height profiles of the mixed film: a) 1:3 S,:urachidic

surements of this inhomogeneous membrane on the mi-
ca support showed formation of a bilayer.

Phase segregation between oligothiophenes and aliphatic acids:
Kuhn and coworkers have reported that when S, is incorporat-
ed inside a thin film of arachidic acid, it operates as a molecular
wire that transfers charge from a donor to an acceptor.**! From
the mechanistic viewpoint, it is important to differentiate be-
tween charge transfer through iso-
lated moleccules or through defined
clusters. For this reason, we inves-
tigated the structures of the olig-
othiophenes in mixed films with
aliphatic acids.

Solutions of 3:1 arachidic acid:
S, or S (25um) were spread at
the air-water interface. Their iso-
therms and that of pure arachidic
acid are shown in Figure 10b. The
collapse pressure of the S, mixture
is much lower than those of the
pure arachidic acid and of the
arachidic acid: S, mixture. This ob-
servation is consistent with multi-
layer formation.

The Cryo-TEM bright field im-
ages of 3:1 arachidic acid:S, ex-
hibit a film in which domains of
different contrasts can be observed
(Figure 11). The electron diffrac-
tion patterns are consistent with
phase separation of the two com-
ponents, showing patterns arising
from pure arachidic acid monolay-
er domains with cell dimensions
a=48A and b=78A (Figure
Figure 11. a) Cryo-transmis- 11b) and from o and B crystalline

sion electron microscopy dark . .
field image of 1:3 S,:arachidic domains of pure S, (Figure 11¢).

acid film (scale: 6.5mm = Similar results were obtained for
Lsum); by electron difftac- g apachidic acid:S, mixture ac-
tion pattern of arachidic acid i : .

domains inside the mixed film; cording to the electron diffraction

¢) electron diffraction pattern patterns (not ShOWn).
of S, domains of the two poly- . . . .
morphs @ and B inside the Phase separation in the various

mixed film. mixtures was also observed by

acid: by 1:3 S, tricosanoic acid.

SEFM measurements. The height analysis of the arachidic
acid:S, mixture indicates the presence of regions 250 A thick,
assigned to S, multilayers, and regions 30 A thick correspond-
ing to the arachidic acid monolayer (Figure 12a). The phase
separation appears to be general for the oligothiophene:aliphatic
acid C,H,,, ,COOH (n =19, 21, 29) mixtures. Differences in
thickness between the two phases were monitored by SFM.
Figure 12b shows a distinct height of 26 A corresponding to S,
domains and about 40 A corresponding to C,,H.,COOH do-
mains.

Discussion

We have shown that the oligothiophenes S,, S;, and S, form
crystalline monolayer and multilayer self-assemblies on the wa-
ter surface. The thickness of the S, and S, assemblies deter-
mined by GID and SFM matched; a monolayer was obtained
for S¢, and a monolayer and a bilayer for S;. For the S, mole-
cule, there appears to be an inconsistency. Dilute spreading
solution yielded mainly monolayer and some bilayer according
to SFM, only bilayer according to GID. The use of a more
concentrated solution resulted in formation of thick assemblies,
three to ten layers thick according to SFM and - 4 isotherms,
but only a crystalline bilayer judged by GID. We may reconcile
this inconsistency in the S, study if we assume multilayer forma-
tion on the water surface, but with a perfect ordering along the
interlayer direction for two layers only, namely a vertical coher-
ence length of two layers, perhaps arising from faults in the
stacking of the layers. A similar discrepancy was also noticed in
the a,-alkanediol 24! and in the n-alkane!! studies. In the alka-
ne system, specular X-ray reflectivity studies support such an
interpretation. However, we cannot exclude the possibility of
changes in the thickness of the domains during the transfer from
the water surface onto the solid support.

According to SFM, comparison of the S, samples prepared
from concentrated and dilute solutions show much smaller do-
mains from concentrated solution. This result is in keeping with
the existence of aggregates in the spreading solution, but not
proof thereof. Another piece of evidence suggestive of the pres-
ence of aggregates in the spreading solution is the formation of
multilayers at high concentration according to SFM. This result

Chem. Eur. J. 1997, 3, No. 6 © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997 0947-6539/97/0306-0937 8 17.50+ .50/0 — 937



FULL PAPER

L. Leiserowitz, M. Lahav et al.

can also be correlated to the shape of the 7— 4 isotherms, which
are much more expanded for dilute solution and then give an
higher average area per molecule. Therefore, the present studies
should be also relevant for the understanding of the early stages
of crystal nucleation in solution.

Previous studies{*>~ 271 have shown that the orientation (ver-
tical or horizontal) of oligothiophenes evaporated onto a solid
support may vary according to the conditions of preparation
and the nature of the substrate. The 3D crystal structures of S,
S.. and S, have layer arrangements in which the molecules
adopt a herringbone motif. It is clear that the most dominant
molecular interactions lie within the layer. Therefore, strong
intralayer interactions should promote the formation of crys-
talline assemblies with the layer plane parallel to the water,
which has indeed been revealed by the various techniques ap-
plied, namely GID on water and Cryo-TEM on vitreous ice. The
fact that we are able to preserve this orientation after transfer
onto a solid support may be of great interest in the construction
of conducting devices.

Coexistence of the two polymorphs x and § was observed for
S, and S,. The « form, corresponding to the 3D crystal struc-
ture of oligothiophenes, consists of molecules with their long
axes tilted by about 23° from the direction perpendicular to the
layer plane. In the § form of S,, S, and S, which has not yet
been observed in 3D crystals, the long molecular axis is oriented
perpendicular to the layer plane. The (4k0) electron diffraction
patterns could be simulated from the crystal structures of the
two polymorphs (Figures 13a,b) by the CERIUS? package. The
difference between the two patterns resides mainly in the relative
intensities of their electron diffraction spots. These patterns,
shown in Figures 13c,d for S,. display their strongest spots
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Figure 13. a) Three-dimensional packing arrangement of the o polymorph of S,
viewed along the @ and b axes; b) simulated three-dimensional packing arrange-
ment of the f polymorph of §, viewed along the o and b axes: ¢, d) electron
diffraction patterns of the « and f# polymorphs of S, respectively. simulated with
CERIUS? software.
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along the reciprocal vectors a* and b*, respectively. Based on
these simulations, the observed electron diffraction patterns
from single crystals S, and S (Figures 3b,h) could be unam-
biguously assigned to the ff form. The observed electron diffrac-
tion patterns of the partial powder-like film of S, (Figure 3b)
was interpreted in terms of the presence of both the x and f
forms.

The self-assembly of oligothiophenes into crystalline assem-
blies of molecules aligned perpendicular to the layer plane may
be rationalized in terms of favorable lateral interactions within
the layer as opposed to weak interactions between the layers.
The stability of the two polymorphs was compared by means of
lattice energy calculations carried out by CERIUS?. The results
of the crystal and layer energy calculations, including van der
Waals and Coulomb terms from the universal force field, are
shown in Table 1 for S,. Judging by the 3 D lattice energy calcu-
lations, the two polymorphs are almost equally stable, but in
terms of monolayer formation, the f polymorph is the more
stable. Thisresult is in agreement with the lattice energy calcula-
tion for n-alkanes for the monolayer and multilayer formation
at the air-water interface.'”

Table 1. Results of the lattice energy calculations for the two polymorphs of S,.

S, polymorph Crystal energy (kcalmol ™) Layer energy (kcalmol ™)

2 —74.6 —57.0
B ~74.7 —58.4

Conclusion

In this study, we have shown that the formation of crystalline
mono- and multilayers on the water surface can be extended
from n-alkanes to hydrophobic aromatic molecules. The lateral
interactions between thiophene rings are strong enough to stabi-
lize two-dimensional crystallinity on the water surface. The re-
sults obtained from the various techniques are complementary,
although measurements were performed on the water surface,
on vitreous ice, and on a mica support. The observed similarities
in structure imply that the self-assemblies preserve their crys-
talline integrity during the transfer from the water surface to a
solid support or during the process of freezing. In general, the
packing arrangements of the crystallites could be determined to
near-atomic resolution from the GID data.

The present study demonstrates that oligothiophene assem-
blies preserve their structural integrity even when incorporated
inside other matrices. A complete phase segregation was ob-
served in the mixed films of oligothiophenes with aliphatic acids.
This result might provide a structural insight into the role played
by the oligothiophenes as molecular wires.

These results support our previous working hypothesis that in
the early stages of crystallisation, clusters of different structures
coexist, among which are those adopting a structure akin to that
of the 3D macroscopic form. The most stable polymorph will
grow at the expense of the metastable ones.'?®! This approach
has been shown to be useful in the design of tailor-made auxil-
iaries for the control of crystal polymorphism!?°~ 3! or for the
resolution of enantiomers by crystallisation.[*?

0947-6539/97{0306-0938 $ 17.50+ .50i0 Chem. Eur. J. 1997, 3, No. 6
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Finally, the formation of structured clusters of hydrophobic
molecules at the air—liquid interface has been found to be a
general phenomenon, and the approach of obtaining ultrathin
crystalline films is currently being applied for the formation of
supramolecular architectures on solution surfaces.
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