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Abstract: This paper provides the first direct structural evidence describing conjugated polymer self-assembly
at the air-water interface. Grazing-incidence X-ray diffraction (GIXD) and X-ray reflectivity measurements

on a number of derivatives of amphiphilic regioregular polythiophenes (e.g., pag¢cyl-3-(2,5,8-
trioxanonyl)-2,5-bithiophene), polymet) show that these conjugated polymers self-assemble as 2-dimensional
polycrystalline monolayers at the air/water interface with the amphiphilic polymers preorganized into rigid
boards standing edge-on on the water surface. The monolayer consists of highly ordédéal ¢rystalline)
domains, with a centered rectangular unit cell having the polymer backbone alcgutigeand the thiophene
n-stack along thé axis with a distance of 3.853.94 A depending on the applied surface pressure. These
domains are connected by soft, more disordered boundaries. This is evidenced by the macroscopic compressibility
of the entire LB film Cmaco & 4—7 m/N) being one order of magnitude larger than the microscopic
compressibility Cmicro ~ 0.6 m/N) of the polycrystalline domains. The alkyl chains in the 3-position of the
thiophene rings are in a crystallographically disordered state due to their cross-sectional mismatch with the
packing of the thiophenes. The importance of having the side chains coupled in a regioregular fashion to the
3-position of the thiophene rings is evidenced by a dramatic increase in the coherence length of the crystalline
domains for highly regioregular samples95% heaettail couplings) as compared to less regioregularly coupled
polymers (~80% head-tail couplings). Transfer to solid support by the LangmiBtodgett technique induces

an overall orientation of the domains in the film, giving rise to a dichroic ratio of up to 4. Refleetion
absorption infrared spectroscopy (RAIRS) shows that the alkyl chains of transferred films are iransall-
conformation with a locally ordered environment, having only few gauche defects.

Introduction unsubstituted polymers initially develogedas difficult, how-
ever, because these polymers are insoluble in common organic
olvents. This problem was overcome by tailoring precursor

outes of conjugated polymers in a soluble féron by adding

Synthesis and characterization of conjugated polymers has
been a very active area of research since Little in 1964 suggeste

che” po_ssil:gir:ity of supderconﬁ_wt:]tivitydin tthfise compouhélsd . flexible side chains to the backbone of the conjugated sy%fem.
otowing theése neéw ideas, high conductivity was measured in ., i of soluble polymers have subsequently been prepared

iodine-doped polyacetylene already in 1977, and a number of : ; .
studies were subsequently dedicated to the mechanism otby drop or spin casting, and they are presently being developed

conductivity and other fundamental properties throughout the in technological applications as light-emitting diodes (LES),

. S sensordl12 polymer electronic$? solar cellst~16 all-optical
1970s and 1980%.% Application of polyacetylene and other switching deviced-18 and possibly laser:20
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Figure 1. Left: single chain of regioregular amphiphilic polythiophehat the air-water interface seen from the side. Right: schematic end view

of two adjacentr-stacking polymer chains.

Since the electronic and optical properties of solution- fatty acids?®2° and it was later developed to include more

processed conjugated polymer thin films are intimately con-

complex functionalized surfactants such as electron donors and

nected to the packing motifs of the molecules in the films, it is acceptorg/-39-36 surfactant conjugated polymets37-3° and

of paramount importance to achieve control of the assembly rigid rod polymers substituted with alkyl chaiffs?!

process that take the polymers from a disordered state in solution To further develop the processability of conjugated polymers
into the semiordered solid state. The drive towards nanometerwith the aim of fabricating highly ordered nanoscale architec-
scale devices for future electronic applications further empha- tures, we have used the LangmuBlodgett technique to study

sizes the need of such nanoscale corfdl’

and manipulate polythiophene. By design and synthesis of

One way to study the self-assembly process of conjugatedregioregular head-to-tail coupled amphiphilic polythiophene

polymers is offered by the LangmuiBlodgett (LB) tech-

derivatives possessing a hydrophobic alkyl group at the 3-posi-

nique282° which allows a self-assembled monolayer of am- tion of one thiophene ring and a hydrophilic group at the 3
phiphilic molecules to be studied under well-defined experi- position of the adjacent thiophene ring (Figure 1) well-defined
mental conditions. Originally, this technique was applied to Langmuir-Blodgett films have been prepared and processed
simple molecular surfactants such as long chain alcohols andon the nanometer scaté43 The nanoscale processability was
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demonstrated by the fabrication of a micro electronic circuit
structuré?#4 and nanowire§ of polythiophene using purely
chemical self-assembly techniques.

Compared to other casting techniques the air/water interface
offers some unique opportunities to study self-assembly pro-
cesses. First, the “substrate” (water) is extremely well defined

because it is flat and homogeneous, second, the effective

dimensionality of the assembly process is reduced from 3 to 2

dimensions because molecules are confined to the water surface

at which they are free to move only in the lateral direction, and
third, recent developments of synchrotron sources, providing
very intense X-rays, have allowed diffraction experiments to
be performed directly on monomolecular films floating at the
air/water interfacé> 50 This type of experiment allows the in-
plane structure of the monolayer films to be elucidated for the
first time. Once the films have been transferred to solid supports,
local probe methods such as atomic force microsebmay

be used as well for studying the in-plane structure of the surface
of the films27:33.52-57 |n combination, these two methods allow
the molecular structure of the individual amphiphiles to be
related to the resulting in-plane structure of the films assembled
at the air-water interface.

A very recent papéf on X-ray diffraction studies of spin
cast poly(3-hexylthiophene) films has demonstrated that the
structure and orientation of the crystalline domains in the films
profoundly influence the charge carrier mobility. This is the
first demonstration that the macroscopic electronic properties
of these films may reflect both the orientation and structure of
the crystallites embedded in the films as well as the domain

boundaries connecting them. The result emphasizes the need

to further understand and improve domain boundary formation
as well as crystallite structure to optimize the electronic
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properties of these systems. Since the crystallite structure is the
same in the spin cast polythiophene films and in the LB-films
described here, the latter can serve as a sliced 2-dimensional
model systems in which the structure and domain boundary
formation can be studied in a direct and unambiguous way.
Here we present the structural and basic physical properties
of a number of amphiphilic polymeric and monomeric thiophene
derivatives studied both as monomolecular layers on water
(Langmuir films) and as LangmuirBlodgett films transferred
to solid supports. The structural and physical data for these
molecules are discussed with special emphasis on the relation
between molecular design and the resulting self-assembled
structures.

Experimental Section

The synthesis of compounds-5 (Table 1) was reported previ-
ously 25960 and compound$—8 were synthesized using the same
procedured? The structure of all the molecules used was characterized
by 'H and *C NMR. The polymeric derivatives were furthermore
analyzed by size-exclusion chromatography analysis (SEC) using
polystyrene standard®?

Chloroform solutions of the amphiphilic polythiophene derivatives
(~1 mg/mL) were spread onto the Milli-Q purified water subphase
(18.2 MQcm) of a LB trough (KSV5000 or Lauda) which was
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subsequently used for LB-film preparation. To achieve hydrophilic Table 2. Summary of Molecular Weight Distributions and
surfaces, substrates of glass, quartz, and silicon were cleaned in boilingCrystallographic Data

pirafa solution (HO./H,SO, (1:3)) prior to use. Gold film samples mMwWO % Amas dost Le
were deposited as 2000 A thick layers, prepared by resistive evaporation compd (g/molp PDR RR-HT® (nm A R)
(Edwards auto 306 metal evaporator with cryodrive pump) onto a 50

A Cr adhesion layer as described earfietn some cases, the gold % %i 288 ig gg gﬁ g.ggSBS :28
films were treated with an ethanolic solution of mercaptoacetic acid to 466 1 209 ' <10
increase the hydrophilicity of the gold surface. Absorption in the-UV 3 7000 4 08 510
vis region was measured on a Perkin-EImer Lambda 9 spectrometer 4 7000 4 98 525
on films transferred to glass or quartz (transfer ratio af D.1). The 5 20000 1.5 98 550
dichroic ratio was measured using a commercial Perkin-Elmer polarizer- g-RR 17300 1.8 95 545 ~3.8 ~40
insert in the Lambda 9 spectrometer. Reflectiafsorption infrared 6-RIR 11125 1.8 80 520 ~3.9 ~27
spectroscopy (RAIRS) was recorded on a Nicolet 550 Fourier transform 7 54000 3.6 95 510
spectrometer as described in refereffcAFM measurements were 8 46100 1.5 98 510

performed on a Nanoscope Il Digital Instruments microscope using — PDI (poly dispersity index) from analysis of SEC (size exclusion

standard silicon nitride tips in contact mode. Two X-ray techniques ., omatograpy) data using polystyrene standards. These values are
were used: Specular reflectivity measurements and Grazmg-lnudencenorma"y 30-40% higher than those obtained by integration of the

X-ray diffraction (GIXD). The measurements were performed on the NMR signal from of end-group protordé. ® The heaettail ratio is
liquid surface diffractometer at the X-ray undulator beamline BW1 at estimated byH NMR as the ratio between the integrated signals from
the synchrotron facility HASYLAB at DESY in Hamburg, Germany. HT and non-HT protons observed in the aromatic and benzylic regions,
A Langmuir trough, placed in a sealed, He-filled, thermostated canister in analogy to poly-3-alkylthiophené8.  Measured on solution cast
and provided with a Wilhelmy balance for monitoring the surface films on glass? Estimated from the position of the diffraction peaks

pressure, was used on the diffractometer. The setups are thoroughly?’ compressed monolayer (30 mN/mM)Coherence length estimated
explained elsewher&:5%64 The X-ray wavelengths used in different from the full width half-maximum ofdo, peaks measured by X-ray

runs were 1.448 A and 1.3037 A, monochromated by Bragg reflection diffraction using the Scherrer formula:~ 20.9/fiwhmQy)-
by a Be(002) crystal. For the GIXD, the angle of incidenag (vas . ) . .
slightly below the critical angleo(,) for total reflection (; = 0.85x), 2. Grazing-Incidence X-ray Diffraction (GIXD) from
thus increasing the surface sensitivity by minimizing the penetration Langmuir Films. The in-plane structure of a Langmuir mono-
depth of the incident X-rays into the water subphase. The horizontal layer of 1 compressed to a surface pressure of 30 mN/m has
scattering angle () was resolved with a Soller collimator, while the ~ been elucidated by synchrotron X-ray diffraction. Figure 2C
vertical exit angle ¢) of the diffracted radiation was detected with a  shows the observed Bragg reflections from this monolayer on
Position sensitive detector (PSD), detecting diffracted photons over awater vs the in-plane compone@k, of the scattering vector.
range 0.0 Q, < 0.9 A*l_ (Q;is the vertical component of the scattering  p superposition of three peaks corresponding to interplanar
vectorQ: Q, = (27/2)sin ay). spacings of 3.84 and 5.42 A for the narrow peaks adds A
for the broad peak is observed on top of the scattering measured
for a pure water surface, which has been subtracted from the
The molecules encountered in the present study are showndata. Decomposition of the intensity profile into three peaks
in Table 1, and a typical example is illustrated in Figure 1. The allows the coherence length)(of the scattering domains to be
physical and chemical data are summarized in Tabtes. 2 estimated to bé ~ 50 A for the two narrow peaks arid~
1. Langmuir Films. Chloroform solutions of the poly- 10 A for the broad peak using the Scherrer formula=(277*0.9/
thiophene derivative$—4 and6—8 are readily spread onto the fWhm(Q.xy))-n. The intense narrow peak. corresponds to the
water surface of a Langmuir trough. The pressueea isotherm  7-Stacking distance of polythiopherie With respect to the
for a representative derivativé, is shown in Figure 2A. The ~ centered cell shown in Figure 2B, this is the2} reflection
compression proceeds smoothly until the film collapses at an (doz = 3.84+ 0.02 A:_ (1/2)*[b[). The position of the weak
area corresponding te29 A2 per bithiophene unit. This collapse {13} peak in this cell yieldsh; = 5.42+ 0.05 A. Assuming a
area agrees with the area per repeat unit estimated fromrectangular cellf = 90°), thedo, anddi, values lead to a unit
molecular models of the repeat unit having the plane of the Cell vectora = 7.66 A, representing the repeat unit distance
thiophene unit vertical to the water surface (Figure 1). This &long the polymer backbone. Within experimental error, this
picture is confirmed by X-ray studies as described in the value is in agreement with computer modeling using _standard
following sections. The collapse areas of the other amphiphilic bond lengths and anglea ¢ 7.66-7.85 A)74 Other indirect
polymers in Table 1 are comparable Ipsuggesting that all ~ Sources of the polymer repeat distance provide values be-
the amphiphilic polythiophenes investigated here form mono- tween 7.6 and 7.9 A=77 Allowing this uncertainty ira yields
layer arrangements roughly similar to that represented in detail A7 = £3°. The {20} peak corresponding to the polymer re-
here forl. The nonamphiphilic poly(3-dodecylthiopheri)oes peat distance is then coincident with the2} peak (2o =
not spread into a monolayer at the water surface as seen in3-83 A). However, in all the model calculations performed (cf.
Figure 2A. The all-polar homo-polym&rdoes form a crystalline

Results

(67) Ahlskog, M.; Paloheimo, J.; Stubb, H.; Dyreklev, P.; Fahlman, M.;

mopolgyer which, however, has &nax ~ 480-510 M ngarim, O.J. Appl. Phys1994 76, 893.
indicating a less conjugated structure than for the amphiphilic  (68) Ochiai, K.; Rikukawa, M.; Sanui, Kxhem. Commurl999 867—
derivatives. The results on the homo-polymérsnd 8 cor- 868.

roborate previous studies of nonamphiphilic polythiophene Scf61939%'riké§§;gggec'k’ P.; Cerven, I, Cik, G.; Vegh, Bupramol.
derivatives®®.65-71 (70) Liu, Y. Q.; Xu, Y.; Zhu, D. B.Synth. Met1997, 84, 197—198.
(71) Schottland, P.; Fichet, O.; Teyssie, D.; ChevrotSghth. Met1999
(63) Ritchie, J. E.; Wells, C. A.; Zhou, J.-P.; Zhao, J.; McDevitt, J. T.; 101, 7-8.
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2745. (73) Prosa, T. J.; Winokur, M. J.; McCullough, R. Dlacromolecules
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Figure 2. A: Compression isotherms of amphiphilic polymér
forming a stable Langmuir film with a collapse area-e29 A2 and

the nonamphiphilic polymes, which does not form a monolayer. B:
Summary of the 2-D crystal structure of a Langmuir film of polymer
1 elucidated by synchrotron GIXD. A centered rectangular unit cell is
formed as shown with the hydrophilic-substituted thiophene moieties
in light gray color and the hydrophobic-substituted thiophene moieties
colored in dark gray. C: Bragg peak projection of the diffracted signal
with three features: the smdllLl1} peak and the sharp, inten§@2}
peak originating from ther-stacked thiophenes, and a broad peak ori-
ginating from a disordered alkyl chain layer. D: Bragg rod profile of
the {02} (circles) and{11} (squares) peaks with the corresponding
Bragg rod fits (triangles) described in the text. E: Side view (left) and
end view (right) of two thiophene dimers having the same color code

as B.
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below) the contribution from th€20} reflection is negligible

in comparison with th§ 02} contribution. Hence, for conven-
ience, the intense narrow peak will be referred to as{ 02
peak in the following. The peak which is broad@y (Figure

2C) is assumed to be due to incoherent scattering from the alkyl
chains. This is consistent with our observation of an increased
intensity of this peak for a compound with an increased alkyl
chain length as exemplified b (cf. Table 1 and Figures 2C
and 3B).

Resolving the scattering in th@, direction and integrating
over Q,, across each peak yields the so-called Bragg rods
1(Q,).*"*8 Figure 2D shows a fit to th&(Q,) data of the{02}
and the{ 11} reflections based on a structural model as depicted
in Figure 2B, where the alkyl chains were omitted. In fitting
the Bragg rods (Figure 2D), the centered rectangular unit cell
shown in Figure 2B was used. It was found that the best fit to
the Bragg rod data could be obtained by only taking into account
the scattering from the polythiophene backbone having the two
closest methylene groups attached (an alkyl methylene and a
MEEM methylene (MEEM is the 2,5,8-trioxanonyl side-
group))’8 The remaining parts of the substituent chains (MEEM
and alkyl) are thus assumed to be incoherent, i.e., to have large
mean-square displacements (in accordance with the RAIRS data
presented below). For the well-ordered thiophene part of the
molecule, the out-of-plane thermal displacement is 0.45 A rms.
and the in-plane displacement is 0.98 A rms. The best fit was
obtained with the plane of the thiophene rings being normal to
the water surface with an uncertaintyiq Figure 2E) of+-10°.78
In summary, these data provide the most accurate estimate of
the local packing of adjacent thiophene units in regioregular
poly(3-alkylthiophene) derivatives reported to date.

An estimate of the degree of crystallinity of the monolayer
was made by comparing the scattering intensity from{th#&
and{11} reflections originating from thiophene moieties to the
intensity arising from the disordered side groups (broad peak
in Figure 2C). The estimate is based on the assumption that the
broad side group peak serves as an internal reference for the
scattered intensity, because the scattering intensity from the
incoherent side groups is independent of the degree of crystal-
linity in the thiophene moieties. By comparing the integrated
experimental values to the calculated scattering intensity of the
thiophene and side group moieties respectively, we estimate that
~70% of the thiophene moieties are in a crystalline state.

GIXD studies were also made on din2r80% and 95% re-
gioregular6, and on 95% regioregular(Tables 1-3). The re-
sults are summarized in Figure 3 showing the compression iso-
therms (top) and the observed diffraction from Langmuir films
(bottom)”® The compression isotherm of dim2r(Figure 3A
top) shows a phase transition at an area-dR A2 For this
compound, GIXD measurements were made on each of the
phases at the pressured) = 7.6 mN/m andz(2) = 24.6 mN/

m, marked with crosses. The diffraction patterns (Figure 3A,
bottom) show only scattering from amorphous phases, indicating

(76) Corish, J.; Morton-Blake, D. A.; Beniere, F.; Lantoine, MChem.
Soc., Faraday Transl996 92, 671-677.

(77) Chen, S. A;; Lee, S. Synth. Met1995 72, 253-260.

(78) Fitting the Bragg rods was done systematically by varying the
position of the atoms in the unit cell, and the number of methylene groups
from the side chains contributing to the coherent scattering. The goodness
of the fits was evaluated by normalizgtivalues (e.g., tilting the bithiophene
having two methylene groups resulted in the following (tilt angfezalue)-
pairs: (0; 4.4), (5; 4.7), (10; 5.9), (15; 8.0), whereréfers to the bithiophene
being orthogonal to the subphase).

(79) TheQ,-GID scans are noQ, resolved and have a lower signal-
to-noise ratio than those of Figure 2; hence, small features such gklhe
peak are not resolved.
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Figure 3. Compression isotherms (top) and GIXD results (bottom) of digh@X), regioregular polyme6 (B), regioirregular polyme6 (C), and
polymer7 (D). The crosses on the compression isotherm mark the pressures at which the GIXD measurements were performed.

Table 3. Summary of Compressibility Data of Langmuir Films polymer7 (at 21°C) the diffraction signal is markedly different
macroscopic  microscopic (Figure 3D). Only the shoulder &,y ~ 1.61 (corresponding

MW compressibility compressibility % to d ~ 3.8 A), marked by an arrow in Figure 3D (bottom), is

compd (g/mol) PDI (m/N) (m/N) RR-HT presumably due to the-stacking. The peak witd ~ 4.6 A is

1 15300 1.3 3.7 0.58 95 sharper than in Figure 3B,C, presumably because a regular

1 24600 1.3 3.7 0.57 95 packing of the alkyl chains is beginning to dominate the overall

6-RR 17300 18 5.4 98 crystal structure. The results are summarized in Table 2.

6-RIR 11125 1.8 5.2 80 . .

7 54000 3.6 72 95 3. Relation between the in-Plane Structure and Surface

Pressure (Compressibility).Figure 4 shows the results Qky-
that dimer2 does not organize as a 2D-crystalline Langmuir GIXD scans on monolayers of two different fractions of polymer
film. 1 with MMwO= 15300 g/mol andMw= 24 600 g/mol,
The diffraction from 95% regioregular polyme(Figure 3B, regpgctively, as a funcFion of th_e area of the polymer repeat
taken at 20°C and a surface pressure of 29 mN/m) shows two Unit (i.e., a thiophene dlmer) projected onto thg water surface.
features: a broad peak (from an amorphous alkyl layer) and aAfter ba}ckground subtraction and Lorgntz, polarization, aqd area
narrow peak (alQy, = 1.64) corresponding to a-stacking corrections, the scans have been fitted by two Gaussians as
distance of 3.85- 0.05 A. From the width of the Gaussian fit €xemplified in Figure 3. On the basis of these Gaussian fits to
to this peak (dashed), a coherence length of 40 A (correspondingthe {02} reflection, thez-stacking distancedgz), and the
to ~10 z-stacks) was calculated by the Scherrer formula. The diffraction intensity,|, have been plotted versus the area per
diffraction from the regioirregular polymes was recorded at ~ 'epeat unitin the polymer (Figure 4B,C). In addition, the surface
very low surface pressure. Compression of this regioirregular Pressure has been plotted as function of the crystallographic
sample only decreased the diffracted intensity. Furthermore, at'épeat unit area in Figure 4D.
room temperature, only broad scattering from amorphous phases Figure 4A shows compression isotherms with crosses indicat-
was seen. The diffraction pattern shown in Figure 3C was ing where the GIXD measurements were performed. Figure 4B
obtained on cooling to 8C. The diffracted signal was fitted = shows the interplanar spacindof). It is seen that crystalline
by two Gaussians. The narrow peak, corresponding to the domains form, even when the Langmuir layer is uncompressed;
m-stacking distance, has a repeat distathiee 3.90+ 0.05 A, i.e., the molecules self-assemble on the water surface. When
and from the peak width, a coherence length of 27 A (corre- the domains are pressed together to form a monolayer, a
sponding to~7 crystalline ordered-stacks) was deduced. For  decrease in the-stacking distancedg,) of less than 0.1 A is
a compressed Langmuir film of the C-18 substituted amphiphilic observed. It is also seen that the-z distance of the high
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Table 4. Summary of X-ray Reflectivity Data
compd La|ky| (A) Na|ky| Lthio (A) Nthio Lpolar (A) Np0|ar o (A) no. of H,O JT (mN/m) A (Az) (ﬁt (iSO))
1 11.2 97 4.7 82 8 93 3.3 2 30 32 (33)
2 9.2 97 35 84 6.0 89 34 2 7.8 43 (47)
2 13.6 97 5.6 92 8.8 97 4.3 3 24.3 31 (30)
6 14.5 129 4.7 82 7.7 91 4.3 2 30 32 (31)

aMEEM: 73 electrons.

Mw = 15300 g/mol Mw = 24600 g/mol

monolayer is compressed. This hyperbolic relationship between
intensity and area is shown by the dotted line in Figure 4C,
where the calculated intensity has been normalized to the mea-

40 X X sured data at the point just before collapse. The fact that the
€ 30 \ e measured diffracted intensity is lower than the calculated inten-
< Z 20 X \ sity during compression is interpreted as being due to mechanical
E \ X\ stress during the compression leading to a breakup of the crys-
e 107 X\ ¥ talline domains originally formed after the spreading process.
0 X—x ~x Figure 4D shows the increase in surface pressure as a func-
40 50 60 30 40 50 60 tion of the c_rystallographic area per repeat unit_, derived from
Mean area per repeat unit (A%) Mean area per repeat unit (A7) the do2 spacing Acryst = doy 7.66 A) A change indg, from
395 o 3.92 to 3.85 A in ther-stacking distance is observed for the
' / e low M,, fraction when the pressure is changed from 0 to 35
— /""\. 3 mN/m. The change is equivalent to a 2% change in the unit
m"i(/ 390l ¢ / cell areaf®
Ug ’ / o The knowledge of the crystallographic unit cell parameters,
O the mean area per molecule of the compression isotherm, and
,’ the applied surface pressure offers the possibility of comparing
3858 5060 30 40 50 the standard macroscopic 2-D compressibility inferred from the
Mean area per repeat unit (A°)  Mean area per repeat unit (A”) compression isotherms, with the microscopic compressibility
obtained from diffraction. The 2-D compressibili@)(is defined
_. 4000] m 1 in eq 18182
0 o v
5 30001 T - q C = — (UA)(OANIm)y 1)
© 5 2000 " "~ _ _ o
8 For evaluation of the macroscopic compressibiliyn eq 1
— 1000 is the mean area per molecule. Hence, it is found from the
0 negative slope of the compression isotherm (Figure 4A). This
Maoh area%er re5p%at ump(A’) Mean aregger respgat un?tQAz) measurement is an average over the mechanical properties of
the Langmuir film, taking into account both the crystalline and
407 T the amorphous parts.
€ 30 + The microscopic compressibility, on the other hand, pinpoints
o > 20l + ‘ the mechanical properties of the crystalline areas (which gives
E | + rise to Bragg diffraction). It is calculated by insertiAgystinto
e 104 + | eg 1, i.e., from the negative slope of Figure 4D. The compress-
0 ;IF 1’ ibility data are summarized in Table 3.
As seen, the microscopic compressibility is an order of
30 40 50 60 30 40 50 60

magnitude smaller than the macroscopic compressibility in
agreement with the notion that the domain boundaries are
disordered and soft, while the crystallites are hard. In conse-
guence, the data show that during compression of the monolayer,
by SEC). A: The compression isotherms with crosses indicating where Mainly the amorphous domain boundaries are affected while
the GIXD measurements were performed. B:Stacking distance of  the z-stacks in the interior of the self-assembled crystalline
the thiophene units as a function of the mean molecular area. C: domains remain almost unchanged.

Measured intensity (squares) and calculated intensity (dashed line) 4. X-Reflectivity from Langmuir Films. X-ray reflectivity

of the{02} Bragg peak (the area under the peak). D: Surface pressure studies have been used to provide the electron density profile
as function of the crystallographic area per repeat unit, obtainéghas  perpendicular to the water surface of Langmuir films of
x a representative examples of the derivatives under consideration.
molecular weight fraction is larger than that of the low molecular The top row of Figure 5A-D shows the measured reflectivity
weight fraction, indicating a better-stacking of polymers normalized to the Fresnel reflectivitiR/Re (squares), and the
having shorter polymer chain lengths. Figure 4C shows the areabest fit to the data (solid line). The electron density profile
under the{02} Bragg peaks, which is proportional to the (80) The compression of the backbone is assumed negligible. Application

scattering intensity and, hence, the amount of crystalline domainsof Hookes law, with a force constant 6f500 N/m (a typical value of a

floating on the water surface. The calculated intensity is expectedchemicali)ona“) and an applied surface pressure of 0.040 N/m givas
i i =0.002 A.

to be mvers_ely proportlonal to the mean area per molecule, (81) Gaines, G. L.Insoluble Monolayers at LiquiedGas Interfaces

because an increasing number of polymer domains are pushegy,,

: - erscience: New York, 1966.
into the X-ray beam footprint on the water surface as the  (82) Behroozi, FLangmuir1996 12, 2289-2291.

Crystallographic area

Crystaliographic area
per repeat unit (A?%)

per repeat unit (A?)

Figure 4. Results from GIXD measurements on two different fractions
of polymer1 having different mean molecular weights (fractionated
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Table 5. Summary of RAIRS Dafa

compd MW (g/mol) Vasyr(CH2) (cm ™) fwhmasyn{CHy) (cm?) VasyrlCHs) (cm™?) fwhmasyn{CHs) (cm?)
1 13 000 2920 13 2966 13
1 22 000 2924 21 2964 15
solid PE 2918 14-18
liquid PE 2924 30

aPE: polyethylene.

. A:polymer 1 i B: polymer 6 C:dimer2 . D: dimer 2

CraMa ' ) CigHis, ' €My ' C € He
1,44 so 4 3% 4 14{5/% 1,41 1,44
Y e
1,24 MEEM 1 1,24 1,2 1,2
1,04 {1 1,04 1,047 1,04
L e In] u a
€ 08 12 0,81 {Eos- 0,8+
0,61 {1 061 0,6 0,6-
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Figure 5. Synchrotron X-ray reflectivity measurements of polyrii€A), polymer6 (B), dimer2 (at a surface pressure= 8 mN/m, C) and dimer

2 (at a surface pressure= 25 mN/m, D). The top row shows the experimental data (squares) as a function of the angle of incidence normalized

to the critical angle for total reflection from a clean water surface. The solid line is a three-box model fit (see text) to the data as shown in the
bottom row. The three boxes represent the alkyl chain, the thiophene backbone, and the hydrated polar MEEM group layers. The height above the
water surface is plotted as a function of the electron density of the laggmdrmalized to the electron density of pure watefaf). The boxes

have been smeared with a thermal displacement factor, giving the smooth line (Table 4).

deduced by the least-squares fitting is shown in the bottom of water subphase, while, in the high-pressure phase, the thiophene
Figure 5. bearing the hydrophobic alkyl chain is pushed out of the water.
The electron density profifé47488%f a compressed Lang- To obtain a fit to the experimental reflectivity data, the
muir film (;z = 30 mN/m) of polymerl is found to be consistent  electron density(z) of the monolayer was described by a three-
with the predicted electron density of stacked, upright poly- |ayer modet”48 The top layer, of thickneskaiy, represents
thiophenes amphiphilically ordered at the-aivater interface the close-packed alkyl chains withaly, electrons per dimer
(cf. Figures 1 and 2B) having tilted alkyl chains and hydrated area,A. The middle layer, of thicknessyio, representing the
polar substituents, as evidenced by the excellent fit of the thiophene dimer has\, electrons per dimer ared, and the
experimental data by such a profile (Figure 5A). As seen from bottom layer of thicknesd poar, representing the solvated
Figure 5B, Langmuir films 06, having four extra carbon atoms  polyether chains has gy.r electrons per dimer. The resulting
in the alkyl chain, are similar to monolayersbéxcept for the step profiles were smeared by a RMS roughngsas shown
extension of the alkyl chain. in Figure 5A-D.4"48To fit the reflectivity data My, Ninio as
The reflectivity of dimer2 shown in Figure 5C,D is consid-  well asA (set equal to the area per molecule found from the
erably different from the polymeric derivatives. The reflectivity jsotherm) were held constant, while the other parameters were
data explain the phase transition, which was seen by the kinkvaried for best agreement. After convergence of these param-
in the compression isotherm (Figure 3A, top): In the low- eters, the mean area per molecul (vas also fitted. The
pressure phase (Figure 5C), the thiophene dimer is lying on theparameters are summarized in Table 4.

(83) Larsen, N. B.; Bjgrnholm, T.; Garnaes, J.; Als-Nielsen, J.; Kjaer, - Transfer to Solid Supports (LangmUir_B!OdQ?tt Films).
K. Synth. Met1995 71, 1985-1988. Transfer of monolayers of each of the amphiphilic polymers to
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Direction of
transition dipole moment

0,044 544 nm
Polarization along
dipping direction
0,03 /
Polarization
3(3 0,021 perpendicular
to dipping direction
0,014
0,00+

500 600 700 800

Wavelength (nm)
Figure 6. UV—vis absorption spectrum of a glass slide covered on
both sides with a monolayer LB film of polymértaken with polarized
light. The dichroism shows that the polymer is oriented along the
dipping direction during the transfer to solid support by vertical dipping.

400

a solid hydrophilic support (glass or silicon with an SiOp
layer) by the LangmuirBlodgett technique proceeds with
transfer ratios of 1.@& 0.1. For a typical example ds visible,
magenta-colored LangmuiBlodgett monolayer films are
formed having an anisotropic orientation of the polycrystalline
domains, as seen from a dichroic ratio of about 4 observed in
the optical absorption spectrum of the films (Figure 6). The
largest absorption is along the dipping direction, showing that
the transferred films have the polymer backbones oriented
primarily along this direction. Within the domains, the polymers
are still highly conjugated as indicated by the solid statg«

= 544 nm of regioregularl approaching the highestmax
observed for polythiophene thin fili#fs8> (Table 2). As seen

by comparisons d6-RR and6-RIR from Table 2 Amaxchanges
from ~545 to 520 nm when the degree of regioregular head-
to-tail couplings changes from 95% to 80%. The reduced order

is also expressed in a decrease in crystallinity as evidenced byt

diffraction (Figure 3B,C).
Figure 7 shows an image of a LB monolayer film obtained
from an optical microscope equipped with crossed polarizers.

The amorphous glass substrate has a dark-gray color, as show

aroundA. A domain that rotates the light, so more light passes
through the top polarizer is shown Bswhile on the opposite,
a dark domain is shown &3.

As seen from the size of domd mm sized, highly oriented

monolayer domains can be transferred to glass substrates. Du

to the high crystallinity of the Langmuir film, fractures (around
arrow E) can occur during the transfer to solid supports.
Presumably due to the high degree of crystallinity, it has
proven difficult, so far, to routinely produce multilayers of the
highly regioregular samples by the normal vertical dipping
technique.

6. Atomic Force Microscopy of LB Film. In monolayers
transferred to hydrophilic silicon substrates by the vertical
dipping technique, the polythiophene chains are parallel to the
silicon surface with alkyl chains pointing away from the surface
as indicated by, e.g., contact angle measurements of the resultin
highly hydrophobic surface. Atomic force microscopy of these
surfaces reveal flat films (rms roughnessl.3 A), which are

(84) McCullough, R. D.; Tristram-Nagle, S.; Williams, S. P.; Lowe, R.
D.; Jayaraman MJ. Am. Chem. S0d.993 115 4910.

(85) Bjgrnholm, T.; Greve, D. R.; Geisler, T.; Petersen, J. C.; Jayaraman,
M.; McCullough, R. D.Adv. Mater. 1996 8, 920-923.

Reitzel et al.

Figure 7. Optical microscope image taken through crossed polarizers
of an LB monolayer film at the edge of a large domain. A: The
amorphous glass substrate. The angle between the polarizers has been
chosen so that the substrate appears dark gray. B: A domain rotating
light polarization allowing an increased amount of light to pass through
the top polarizer. C: A domain rotating the light in the opposite
direction relative to B. D: mm sized monolayer domain rotating the
light the same way as B. E: A crack in domain D.

stable against scanning in contact mode. Due to the disordered
state of the protruding alkyl chains, it was not possible to image
the in-plane structure of these hydrophobic monolayer surfaces
with atomic resolution using AFM.
Bilayers consisting of a monolayer 8fand a monolayer of

4, or other combinations of the systems described here, can be
prepared in two steps: First a hydrophilic silicon wafer is pulled
up through the water surface containing a compressed poly-
thiophene monolayer by the standard vertical dipping procedure
as described above. Subsequent horizontal dipping of this
substrate into the monolayer film allows for alkyl chains sticking
out from the LB film surface to hydrophobically assemble with
he alkyl chains at the aitwater interface resulting in a
biomembrane type bilayer with a highly hydrophilic surface
(Figure 8, top). Such double layers of, e4and3 transferred
to a silicon wafer can be observed by AFM using contact mode
Figure 8, bottom). The smooth gray areas represent the top of
the intact double layer (Figure 8A). By applying a large force
on the cantilever, a square hole gin x 1 um) was scraped
(Figure 8B). By continuous scanning, the bilayer was disrupted,
forming long micellar-like structures (Figure 8C) on the Si

gubstrate (Figure 8D).

7. Reflection—Absorption Infrared Spectroscopy 2 Reflec-
tion—absorption infrared spectroscopy (RAIRS) was used to
evaluate the conformational and orientational order of the alkyl
chains in the LangmuirBlodgett deposited monolayers af
on gold-coated silicon. The peak position and full width at half-
maximum (fwhm) for the asymmetric methyl and methylene
stretches were evaluated for two different molecular weight
fractions that were purified by SEC (Table 5). The values
reported in Table 5 are representative samples for each molecular
weight fraction. The monolayers were deposited during the

pstroke (hydrophilic tail adsorbing to the surface) onto the gold
ilms. The nature of the surface upon which the polymer films
were transferred (i.e., surfaces that were hydrophobic (bare gold)
or hydrophilic (mercaptoacetic acid treated gold substrate)) does
not appear to affect the order of the films.

(86) Ulman, A. An Introduction to Ultrathin Organic Films. From
Langmuir-Blodgett to Self-assembhjicademic Press: London, 1991.
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AFM cantilever

Jil ]

Figure 8. AFM image of a bilayer of polyme# and polyme3 on Si wafer base. Top: schematic illustration of the biomembrane-like double layer
being probed by the AFM cantilever in contact mode. Bottom: A: Intact double layer. Bm Xk 1 um hole in the double layer, scraped by
application of a large force on the cantilever. C: By continuous scanning, the bilayer was disrupted, forming long micellar-like structures. D: Si
solid support.

The orientational and conformational order can be assessedstretching mode, i.e., the Gldsymmetric stretch, to the position
by comparison of the peak position and full width at half- observed for polyethylene as both a solid withy{CH,) =
maximum (fwhm) for the IR active-CH,— and—CHz modes 2918 cmr! and liquid withvas,n{CH,) = 2924 cn™. The degree
of the aliphatic side chains in the ordered polymer monolayer of conformational order is also addressed by the fwhm of the
films relative to that observed for similar linear hydrocarbon asymmetric stretching frequency where values of 18 cnt!
chains. Here, the degree of crystallinity of the monolayer is indicate that the structure does not possess many gauche defects,
evaluated by comparing the position of the most intense IR suggesting the packing motif enforces a close-packed structure
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with an all trans arrangement. A much broader pe@g cnt?! (Figure 9A,B). The long axis of these preorganized objects is
is observed in liquid PE where the<C bond is free to rotate  confined to the plane of the water surface. (i) The further
about the molecular axis. assembly of the rigid floating “boards” is effectively a problem

Large changes in both peak position and fwhm are observedsimilar to ordering matches floating on water. If the individual
for the two molecular weight fractions &f The larger molecular ~ boards can attract each other throagstacking they will cluster
weight fraction displays a peak position of “liquidlike” alkyl ~on the surface inr-stacks. The intermolecular interactions
chains in the monolayer, whereas the peak position of the between alkyl chains grafted onto the boards control the relative
smaller molecular weight fraction appears much more crystal- orientation of adjacentr-stacked boards in the direction
line. The conformational order, likewise, indicates a greater perpendicular to ther-stack. In the case of amphiphilic
degree of gauche defects in the larger molecular weight fraction. regioregular polythiophene derivatives the void space between
The results suggest that the alkyl chains in the low molecular alkyl chains on one board will simply be filled by the similarly
weight fraction order more readily than the relatively extended spaced alkyl chains on the adjacent board by displacing the
backbone of the higher molecular weight fraction that would board by one thiophene unit relative to its neighbor. It can hence
presumably require more annealing to pack closely. This is in be argued that control of a stepwise assembly process of
excellent agreement with the GIXD data presented in the surfactants on the water surface can be achieved by designing
preceding sections (Figure 4). In summary, the RAIRS data surfactants in whichz-stacking drives the assembly in one
indicate, that the alkyl chains may have few gauche defects anddirection while the packing of the alkyl chain locks the structure
locally ordered environments. GIXD shows that this order does in the perpendicular (in-plane) direction. Ongoing studies of
not extend over many unit cells as evidenced by a measureddisklike amphiphiles support this hypothe%is.

coherence length from the alkyl chains-ef0 A. Serving as a reference to the studies of amphiphilic poly-
8. Electrical Conductivity. Four-probe measurements of the  thiophenes, studies of the amphiphilic bithiophene derivative
electrical conductivity of 4 or AuCl; doped monolayers of (2, Table 1, Figure 9A-F') shows that this molecule, contrary

yield values in excess of 100 S/c#87 For 100 nm thick spin  to the polymeric analogue, cannot organize spontaneously into
cast films consisting of locally ordered nano-crystals of regio- highly ordered domains, as evidenced by the lack of in-plane
regular HT coupled poly(3-dodecylthiophene) we measure order in the resulting films. Two factors seem to induce disorder.

conductivity values between 500 and 750 S/cm in agreement The first is the tendency of the molecule to tilt the axis going

with previous report8* Conductivity measurements of bundles ~along the thiophene units (the backbone in the polymer case)
of nanowires formed by collapsing the monolayer lofare out of the plane of the interface when compression occurs. The
slightly lower than those measured for the pure monolayd( other is the disorder created in the alkyl chain packing because
Slcm)*3 Details of these data, indicating that the polythiophene these are not preorganized in an equidistant way as for the
Langmuir films presented here possess the highest conductivitiegegioregular polymer. In essence the molecule is to small and
measured on a single component Langmuir film to date, are flexible for predictions to be made about the packing since

presented elsewhef@87.88 neither the alkyl chains (which in pure phases do crystallize)
nor thes-system is allowed to dominate the packing. In this
Summary and Discusson respect the dime2 resembles other small electroactive surfac-

tants in which an electroactive headgroup has been attached to

it has b h h b ik i il > an alkyl chairt”23This observation underlines the importance
it has been shown that membrane-like Langmuir films, consist- ¢ confining the amphiphilic molecule in the plane of the water

ing of highly ordered and densely packed domains of the g, tace in order for the self-assembly mechanism of “alkyl

conjugated polymer, can be formed. The domains self-assemblegptityted rigid boards”, described above, to efficiently lead
at the air/water interface, and diffraction experiments show that to ordered domains.

the local structure is held together by favorable intermolecular
m-electron Interactions. The amphiphilic hature of the moIepuIes obtaining good electronic properties such as high carrier mobility
allows manlpulatlon§ thanks to the hydrqphqblc eﬁect..Thl.s has or, in a permanently doped film, high in-plane conductivity.
been demonstrated in a preceding publication by replication of 1 gt assembly of the amphiphilic polythiophene derivatives
an electronic circuit structure through selective transfer of the presented here offers one possible way of achieving this goal
amphiphilic film to a substrate with t.he circuit structure pattern , the nanometer scale as evidenced by the diffraction studies
pnnted.m tr12e44form of hydrophobic and hydrophilic areas, presented, and indeed high conductivities of doped films have
respectively* _ _ been measured = 100 S/cm) on these filnf8.For applications

To obtain a well-defined monolayer of highly ordered j, macroscopic devices the electronic connections at domain
domains of polythiophene (as measured by in-plane diffraction j,5yndaries are essential for conduction from one domain to the
on floating monolayers on water), we find that the degree of eyt Comparisons of the compressibility of the individual
regioregular headltail couplings should be_ as high as possible, gomains in the Langmuir films of polythiophene (measured by
the length of the polymer should be considerably longer than 2 gitraction) to the average macroscopic compressibility (mea-
thiophene units and shorter than 66, the molecular weight gyred from the Langmuir isotherm) show that domain boundaries
distribution should be as narrow as possible, and the length of 5 soft compared to the interior of the domains indicating loss
the alkyl chain should be less than 17 carbon atoms. Finally, of order at the boundaries. This is not ideal for obtaining a high
the polymer should be amphiphilic. o macroscopic conductivity. Disorder at the domain boundaries

The assembly process may be described as consisting of thgs hence the most likely reason for the low value of the
following steps: (i) the individual macromolecules are organized conductivity as compared to crystalline samples of conjugated
into floating “boards” on the water surface due to the alternating polymers ¢ ~ 10.000 S/cn#?). Analysis reported elsewhéfe
hydrophilic and hydrophobic substituents on the polymeric core of the temperature dependence of the conductivity-afoped

(87) Bagild, P.; Grey, F.; Hassenkam, T.; Greve, D. R.; Bjgrnholm, T. (89) Reitzel, N.; Hassenkam, T.; Balashev, K.; Jensen, T. R.; Kjaer, K;

Adv. Mater200Q in press. Howes, P. B.; Fechteriker, A.; Brand, J. D; Ito, S.; Mien, K.; Bjgrnholm,
(88) Hassenkam, T. Manuscript in preparation. T. Manuscript in preparation.

Using new amphiphilic derivatives of poly(3-alkylthiophene)s,

Highly ordered local structures are the prerequisite for
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Figure 9. Summary of the steps in the formation of a Langmuir film of amphiphilic polythiophene (left) and the amphiphilic repeat dimer unit
(right). By combination of the experimental techniques described in the text, the process has been mapped out all the way from the molecular- to
millimeter scale.

polythiophene nanowires prepared by collapse of the Langmuir  The processability of Langmuir films into multilayer struc-
films discussed here, is in accordance with this model. The tures is intimately connected to the viscosity of the films which
analysis indicates that the nanowires consist of highly conducting have to flow continuously from the water surface onto the
domains connected through regions of disordered polymerssubstrate when transferred by the Langmiiifodgett technique.

possessing an activated conductivity. In this context crystallinity is a hindrance for efficient transfer
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because the films become too brittle. The requirements for but also a wealth of other supramolecular structures such as
processable films is hence in conflict with the requirements for vesicles, and micelles and these may be interesting target struc-
high quality electronic properties (mobility and conductivity). tures for future incorporation of a functionalelectron system.
With regard to viscosity the tilted interpenetrating alkyl chains Already the amphiphilic nature of the polythiophene thin films
are likely to prevent two adjacent polymers to easily slide against discussed here have lead to replication of electronic chip
each other. Design of new molecular structures in which this structures by use of the hydrophobic effégtéand to formation
problem is solved may hence be an important step forward of nanowires of polythiophen®.
toward films with better rheological properties while still Preparation of conducting or semiconducting thin films of
retaining a high degree of local order. high electronic quality (i.e., high conductivity or carrier mobility
Spin cast films of poly(3-alkylthiophens) are presently being respectively) from solutions of conjugated polymers provides
developed as the organic constituents in field effect tran- a tremendous challenge for the supramolecular chemist. This
sistors?8.99-92 For this application the carrier mobility is one of  is because molecules need to be taken fast and efficiently from
the essential parameters to optimize. The work with field effect a disordered state in solution into highly ordered structures in
transistors therefore has many analogies to the work on the thin films. As part of this puzzle, the pseudo-2-dimensional
optimization of the conductivity in the doped polythiophene self-assembly process at the-aivater interface can provide
films. In both cases the successful optimization will rely on interesting in-sight on how the supramolecular structure can be
improved understanding and control of the structure of the controlled. In the present paper we have reported the first
sample on all scales. LangmtiBlodgett films will probably detailed study on the self-assembly at the-aater interface
not find their way to mass produced organic field effect of an important member for the conjugated polymer family,
transistors because they are too complicated to fabricate, butpoly(3-alkylthiophene), and we have shown that considerable
from the assembly point of view they are interesting “2-di- insight is now available about the local (angstrom scale)
mensional” analogues to the three-dimensional cast films. Oneorganization of molecules on the surface and in particular about
advantage is that unique structural characterization, both usingfactors controlling the competition betweerstacking and alkyl
X-rays and scanning probes, is possible as described abovechain packing.
Furthermore, the morphology of the monomolecular layers is
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