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Langmuir and LangmuirBlodgett films of a nitrile-terminated tolan, namely 4-decyloxyphenyl-
ethynyllbenzonitrile, have been fabricated and characterized at various surface pressures, with surface
pressure and surface potential isotherms together with Brewster angle microscopy being used to map the
different phases of the tolan monolayer at the—amater interface. The Langmuir films have been
characterized by UV vis spectroscopy, with quantitative analysis of the reflection spectra supporting an
organizational model in which compression of the film leads to change in the tilt angle of the tolan
molecules from an initial value of ca. 350 one of ca. 60 before collapse of the monolayer. Moreover,

a blue shift in the reflection spectrum of the Langmuir film of 30 nm with respect to the spectrum of a
chloroform solution of the nitrile tolan indicates that two-dimensional H-aggregates are formed at the
air—water interface. These structures represent a minimum free-energy conformation for the system, as
they are observed even before the compression process starts. The monolayers are transferred undisturbed
onto solid substrates, with atomic force microscopy revealing well-ordered films without three-dimensional
defects.

Introduction long molecular axis has also resulted in an ever-growing
number of oligomeric phenylene ethynylenes being inves-
tigated as molecular wires and other components for mo-
lecular electronic&®2*

Although liquid-crystalline systems might be considered
to be self-organizing, with the liquid crystalline behavior
being a direct consequence of the physical structure of the
¢ Molecular framework, in general, fabrication of devices based
on molecular materials demands consideration of how best
to achieve a desired arrangement, distribution, and/or align-
ment of the molecules of interest within the device structure.
Solution casting methods are appealing for industrial large

Molecular, oligomeric, and polymeric materials derived
from the phenylene ethynylene motif are a source of great
contemporary interesdt* Various members of the phenylene
ethynylene family have been shown to offer useful physical
properties, including NLO respon%&luminescencé;€and
electroluminescenceThe rigid molecular structure and ready
functionalization of the aromatic fragments can be exploite
in the design of liquid crystal mesogets!® The presence
of an extendedr-conjugated electronic structure along the
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unizares. transfer processing; however, they present the disadvantage
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certain drawbacks to the thiol-on-gold SA technique have
been described, including the tendency of organic thiols to
oxidize to disulfides’ Although the use of protected thiols
can alleviate this problem, the incorporation of extraneous
material within the system when in situ deprotection steps
are employed has also been descriffeathich can add a
degree of additional complexity to the process. To further
complicate studies based on gelihiol self-assembled
monolayers (SAM), the goldsulfur bond is rather fluxional,
and changes in the golsulfur interaction are now thought
to be largely responsible for the dynamic switching of
conductivity observed in early studies of single-molecule
conductivity?9-31

The Langmuit-Blodgett (LB) method is also an excellent
tool with which to fabricate films with a high internal
order$2=37 The LB technique provides control over the

desired number of layers deposited on a surface and is

therefore well-suited to the production of both mono- and
multilayer structured films. In addition, by making use of
the wide variety of polar functional groups that can be
physically or chemically adsorbed onto different substrates,
it is possible to use LB methods to fabricate structures
featuring any one of a large number of organmetal
interfaces. This is especially important given the crucial role
the metat-molecule interface plays in, for example, mea-
surements of the conductivity of single molecl.ie® 44 The

use of oriented molecular films prepared using LB methods
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Figure 1. Chemical structure (left) and space-filling molecular model (right)
of 4-[4'-decyloxyphenylethynyllbenzonitrile (CLO(PEB)CN).

could therefore provide a simple base from which to explore
a very wide variety of organicmetal contacts (e.g., nitrile,
amine, carboxylic acid, etc., on Pt, Pd, Ag, eféf8

In contrast to the large body of published work describing
fabrication and properties of oligomeric phenylene ethy-
nylene derivatives in goldthiol-based SAM, there is
comparatively little data available in the literature for the
detailed process of fabrication of LB films of oligomeric
phenylene ethynylenes (OPE)-based compounds and the
precise organization of the molecules within these films. This
has motivated us to pursue the preparation of a series of
phenylene-ethynylene-based compounds suitable for the
fabrication of well-ordered Langmuir and Langmuir
Blodgett films. The ultimate goal of this study is a compre-
hensive analysis of the influence different functional polar
groups and molecular geometries within the OPE structure
on the intermolecular interactions, aggregation effects, and
local molecular environment within the film, as well as the
orientation of the molecules in the film. All of these factors
will play a role in moderating the electronic and optical
properties of the films.

This paper reports the synthesis of 4-ffecyloxyphenyl-
ethynyl]benzonitrile (Figure 1), henceforward abbreviated as
C10(PEB)CN, the Langmuir and LB film forming behavior
of this compound, and characterization of the resulting films.
The compound C10(PEB)CN features a polar nitrile end
group, which facilitates the spreading of the molecule as well
as its anchoring onto the water surface. Moreover, the
hydrophobic phenylene ethynylene core and a relatively long
alkyl chain prevent C10(PEB)CN from being dissolved in
water and provide stability to the monolayer thanks to lateral
m—m and van der Waals interactions with neighboring
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molecules. The detailed organization of C10(PEB)CN mol-
ecules within Langmuir monolayers and the final architecture
of the LB films have been thoroughly studied by optical,

spectroscopic, and microscopic procedures.

Experimental Section

Synthesis.All reactions were carried out under an atmosphere

Chem. Mater., Vol. 19, No. 4, 2@50

(AA'XX', 2H, ArH); 6.81 (AA'XX', 2H, ArH); 3.97 (t,3J(H,H) =

6.4 Hz, 2H, OC®;R); 1.80 (m 2H, CH-aliphatic); 1.45 (m, 14H,
CH,-aliphatic); 0.89 (fJ(HH) = 7.2 Hz 3H, GH3). 13C NMR: ¢
159.4, 133.3, 132.0, 131.8, 128.6, 118.6, 114.7, 113.9, 111.0, (Ar);
94.3, 86.7,C=C); 68.2, (OCH,—R); 31.9, 29.56, 29.7, 29.4, 29.3,
29.2, 26.0, 22.7, (aliphatic); 14.1CK3). CrsH290NO EI-MS: 358.9
(46) [M]*, 218.7, (100) [M-CyoH1]*. Requires: C, 83.52; H, 8.13;

N, 4.45. Found: C, 83.66; H, 8.21; N, 4.08.

of nitrogen using standard Schlenk techniques. Reaction solvents Film Fabrication. The films were prepared on a Nima Teflon

were distilled from Cahl and degassed before use. No special
precautions were taken to exclude air or moisture during workup.
The compounds 4-decyloxyiodobenzéfé&) PdCL(PPh),,%t and
4-ethynyl-1-decyloxybenzebe were prepared by the literature

trough with dimensions of 72& 100 mn¥ that was housed in a
constant-temperature (201 °C) clean room. The surface pressure
(,r) of the monolayers was measured by a Wilhelmy paper plate
pressure sensor. The subphase was water (Millipore Milli-Q,

methods, or minor variation as described below. Other reagentsresistivity 18.2 M2-cm). A solution of 4-[4-decyloxyphenylethynyl]-

were purchased and used as received.

NMR spectra were recorded on a Bruker Avan#d 400.13
MHz, 13C 100.61 MHz 3P 161.98 MHz) or Varian Mercury?{P
161.91 MHz) spectrometer from CD{Cdolutions and referenced
against solvent resonancési( 13C) or external HPO, (31P). IR
spectra were recorded using a Nicolet Avatar spectrometer from
solutions in a cell fitted with CaFwindows.

Preparation of 4-Ethynyl-decyloxybenzeneA Schlenk flask
was charged with HECSiMe; (2.66 g, 2.71x 102 mol),
4-decyloxyiodobenzene (8.90 g, 2.4710°2 mol), Cul (0.047 g,
2.47 x 1074 mol), PACH(PPh), (0.173 ¢, 2.47x 10~* mol), and
NEt; (50 mL), and the reaction mixture was allowed to stir
overnight. The ammonium salt byproduct that had precipitated was
removed by filtration and washed with toluene. The washings were

combined with the filtrate and the solvent evaporated under reduced

pressure to yield the crude product, which was purified by flash
chromatography on silica gel (hexane). The purified 4-(trimethyl-
silylethynyl)decyloxybenzene was stirred with a suspension of

benzonitrile in chloroform (HPLC grade, 99.9%, purchased from
Aldrich and used as received) was delivered from a syringe held
very close to the surface, allowing the surface pressure to return to
a value as close as possible to zero between each addition. The
solvent was allowed to completely evaporate over a period of at
least 15 min before compression of the monolayer commenced at
a constant sweeping speed of 0.502rmmlecule® min~1. Each
compression isotherm was registered at least three times to ensure
the reproducibility of results. Th&V—A measurements were carried
out using a Kelvin Probe provided by Nanofilm Technologie GmbH,
Gaottingen, Germany. A commercial mini-Brewster angle micro-
scope (mini-BAM), also from Nanofilm Technologie, was employed
for the direct visualization of the monolayers at the—aiater
interface, and a commercial UWiis reflection spectrophotometer,
detailed described in a recent papemas used to obtain the
reflection spectra of the Langmuir films during the compression
process.

The solid substrates used for the transferences (quartz and mica

potassium carbonate in 1:1 methanol: THF (6 h) before the solvent for the UV—vis and AFM measurements, respectively) were cleaned

was removed in vacuo. The residue was extracted with diethyl ether,

and the extracts were washed with water{250 mL). A further
cycle of solvent removal, extraction (GEl,), and water washing
afforded the terminal alkyne, which was sufficiently pure to be used
directly in subsequent reactions. Yield: 5.27 g, 20402 mol,
83%.H NMR: 0 7.43 (AAXX', 2H, ArH); 6.83 (AAXX', 2H,
ArH); 3.95 (t,%J(H,H) = 6.4 Hz, 2H, OCi;R); 3.00, (s, 1H, &
CH); 1.77 (m, 2H, ®Gi,-aliphatic); 1.33 (m, 14H, B -aliphatic);
0.91 (t3J(HH) = 6.8 Hz 3H, GH3). 13C NMR: 6 159.7, 134.1,
114.7, 114.0, (Ar); 84.1, 75.9CEC); 68.2, (OCH,—R); 32.0, 29.7,
29.7x, 29.5, 29.45, 29.3, 26.1, 22.8, (aliphatic); 14.2Hg¢). IR
(KBr plates, neat):»(C=C—H) 3316, 3291(C=C) 2107 cnT.
Preparation of 4-Decyloxyphenylethynylbenzonitrile.4-Ethy-
nyl-decyloxybenzene (1.50 g, 5.84 10~2 mol) was added to a
Schlenk flask containing 4-bromobenzonitrile (1.06 g, 58105
mol), Cul (0.011 g, 5.8 105 mol), and PdG{PPh), (0.041 g,
5.81 x 10°° mol) in triethylamine (50 mL). The reaction mixture
was heated at reflux (16 h) and then allowed to cool. The crude
reaction mixture was filtered to remove the precipitated ammonium

carefully, as described elsewhéfé> The monolayers were de-
posited at a constant surface pressure by the vertical dipping method,
and the dipping speed was 6 mm/min. Quartz crystal microbalance
(QCM) measurements were carried out using a Stanford Research
System instrument and employing AT-cuakquartz crystals with

a resonance frequency of 5 MHz having circular gold electrodes
patterned on both sides. UWis spectra of the LB films were
acquired on a Varian Cary 50 spectrophotometer and recorded using
a normal incident angle with respect to the film plane. The atomic
force microscopy (AFM) experiments were performed by means
of a multimode extended microscope with Nanoscope IIIA elec-
tronics from Digital Instruments operating at ambient atmosphere.
All the images were recorded at room-temperature using the tapping
mode.

Results and Discussion

Langmuir Films. The compound C10(PEB)CN has a rigid
molecular structure with a conjugateekelectron system. In

salt, and the filtrate was evaporated to dryness under reduced@ manner entirely analogous to other amphiphilic molecules

pressure. The crude product was purified by column chromatog-
raphy on silica gel using 1:2 GEl,:hexane as eluant. The yellow
solid obtained was then recrystallized in toluene:hexane to give
the pure product. Yield: 0.80 g, 2.23 1072 mol, 40%.1H NMR:

0 7.55 (AAXX', 2H, ArH); 7.50 (AA'XX', 2H, ArH); 7.39

(49) Bruce, D. W.; Dunmur, D. A.; Lalinde, E.; Maitlis, P. M.; Styring, P.
Lig. Cryst.1988 3, 385.

(50) Mayershofer, M. G.; Wagner, M.; Udo, A.; Nuyken, @. Polym.
Sci., Part A: Polym. Chen2004 42, 4466.

(51) Clark, H. C.; Dixon, K. RJ. Am. Chem. Sod.969 91, 596.

(52) Lee, S. J.; Park, C. R.; Chang, J.Yangmuir2004 20, 9513.

containing large polyaromatic moietigsC10(PEB)CN has
a large tendency to aggregate due to strongr interactions.

Thus, the BeerLambert law is only followed at relatively
low concentrations<1 x 10~* M). Consequently, very dilute

(53) Cea, P.; Mafn, S.; Villares, A.; Mius, D.; Lgpez, M. C.J. Phys.
Chem. B2006 110, 963.

(54) Cea, P.; Lafuente, C.; Urieta, J. S.igez, M. C.; Royo, F. M.
Langmuir1997 13, 4892.

(55) Haro, M.; Giner, B.; Lafuente, C.;’Ip@z, M. C.; Royo, F. M.; Cea,
P. Langmuir2005 21, 2796.

(56) Kaji, H.; Shimoyama, YJpn. J. Appl. Phys2001, 40, 1396.



860 Chem. Mater., Vol. 19, No. 4, 2007

= 6000
=<
P [ )
£ 15] [ 4000 5
i L [(a]
2 i 3
2 10 [ 2000 &
C
¢ [ o
o« 2
54 L0 3
8 Z
= i 3
> I —
» 0 -2000

0.0 02 04 06 08 1.0 1.2 21'.4 1.6
Area per molecule (nm-)

Figure 2. 7—A (left) isotherm and Young module vs area per molecule
(right) for CLO(PEB)CN.

solutions are required to fabricate true monolayers at the air
water interface.

A preliminary investigation of the formation of Langmuir
films of CLO0(PEB)CN involving both the concentration and
the volume of the spreading solution was carried out, and
we concluded that only solutions of 1 10°° M or lower
concentration yield reproducible isotherms, provided the
spreading volume is low enough (5 mL or lower for our
trough dimensions). Under these conditions, a reproducible
isotherm is routinely obtained (Figure 2). The take off in
the isotherm takes place at ca. 0.652fmolecule. The
surface pressure increases monotonously upon compressio
until an overshoot is reached. The presence of overshoots i
m—Aisotherms is well-known and can be variously attributed
to (i) slow rearrangement of the headgrotpéi) a lack of
nucleation for the growth domains during the nonequilibrium
compression proces$s(iii) formation of well-ordered mul-
tilayer structure$? or (iv) collapse of the monolayer into
undefined multilayer structuré8The collapse of Langmuir
films comprised of nitrile amphiphiles at relatively low
surface pressures have been reported and attributed to th
relatively low polar character of this group that does not
produce an effective anchoring of the amphiphile to the water

isotherms is commonly observed when an ordered collaps
leading to bilayer or trilayer formations occiPsThe absence
of plateaus in ther—A isotherm of C10(PEB)CN, together
with other observations that will be discussed later, is
indicative of a collapse of the C10(PEB)CN monolayer into
an undefined multilayer structure.

Figure 2 also shows the Young modul&, defined as
the inverse of the monolayer compressibility, givert®by

o
Ks= _A(a_ T

The Young module has been used as an indication of the

@)

phase state of the monolayer, with values higher than 1000

(57) Mertesdorf, C.; Ringsdorf, H.ig. Cryst.1989 5, 1757.

(58) Hui, S. W.; Yu, H.Langmuir1992 8, 2724.

(59) Cea, P.; Lafuente, C.; Urieta, J. S.igez, M. C.; Royo, F. M.
Langmuir1996 12, 5881.

(60) McFate, C.; Ward, D.; Olmsted, J.Uangmuir1993 9, 1036.

(61) Endrle, T.; Meixer, A. J.; Zschokke-Gracher, 1.J. Chem. Phys1994
101, 4365.

(62) Martynski, T.; Hertmanowski, R.; Bauman, Dig. Cryst.2001, 28,
437.

(63) Adamson, A. W.; Gast, A. FPhysical Chemistry of Surface§th
ed.; John Wiley & Sons: New York, 1997.
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Figure 3. Hysteresis cycles and BAM images recorded before the first
compression and after the first compressiesxpansion cycle.

mN/m indicative of a solid phasé.The large values of the
Young module achieved for C10(PEB)CN are also indicative
of strong intermolecular interactions within the Langmuir
film as well as the formation of a relatively rigid monolayér.

To provide insight into the origin of the overshoot, the
behavior of ther—A isotherm during repeated cycles of
compression and expansion was examined. If the barrier
direction is reversed before the overshoot is reached, the
hysteresis in the isotherm is negligible (inset Figure 3);
However, the hysteresis in the isotherm is quite significant

Nwhen the overshoot is passed on the compression cycle.

Figure 3 shows the first and tenth compression and expansion
isotherms of a series of consecutive cycles. When successive
cycles are recorded, there is a decrease in the area per
molecule, suggesting a loss of molecules from the monolayer.
Figure 3 also shows the BAM images taken just after the
spreading process and at the same area per molecule after
the first compressionexpansion cycle. Before the first

ompression, no domains or microcrystals are detectable
within the instrument resolution, in the micrometer range.
However, at the same area per molecule, BAM images taken
after the first hysteresis cycle in which the overshoot is
Bvercome shows the presence of microcrystals, suggesting
an irreversible expelling of the molecules from the monolayer
that leads to 3D structures.

BAM images recorded during the compression process are
shown in Figure 4. At a surface pressure of 11 mN/m, the
monolayer covers practically the whole water surface. At
higher surface pressures, the BAM images show a similar
aspect but are even more brilliant, suggesting a progressive
tilt of the molecules to a more vertical position, i.e., a thicker
monolayer.

The AV—A isotherm is illustrated in Figure 5, together
with ther—A isotherm for comparison purposes. Thé—A
isotherm can often provide useful information relating to the
molecular order within the monolayer, showing phase
changes a few square Angstroms before they are detected
in the 7—A isotherm; this can be clearly seen in the case of
the C10(PEB)CN (Figure 5). Compression of the C10(PEB)-
CN monolayer results in an increase of the surface potential
followed by a wide plateau ranging from 0.47 to 0.382nm
after which a drastic drop iAV values occurs. The increase

(64) Davies, J. T.; Rideal, E. Knterfacial PhenomenaAcademic Press:
New York, 1963.
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molecule with initially positive values fqr./e, that increase
upon compression, which is indicative of dipole moment
vectors directed from the water toward the ®iBefore the
drop at 0.47 nf un/e, values are around 1.1 D, which can
be considered as a polarity measurement of the fully packed
film. This value represents an additive contribution from the
C10(PEB)CN dipole moment and the presence of ordered
water molecules at the aiwater interfacé” On the other
hand, the experimentaiV—A data are consistent with the
overshoot being caused by collapse of the monolayer with
dipole moments randomly distributed in a three-dimensional
arrangement of C10(PEB)CN molecules, which leads to a
sudden decrease WV as well asun/e; and even negative
values at low areas per molecule. It is noted at this point
that transitions to a more condensed phase are characterized
by an increase imM\V values.

i) Reflection spectroscopy is a useful method for the in situ
W characterization of the monolayer at the-airater interface.

W¥e o e, R _ﬁ,,;__w--a._;,m In addition, molecular orientation and aggregation can be
Figure 4. BAM images recorded upon the compression process at the investigated more directly by spectroscopic methods than is
indicated surface pressures. achievable using the classic monolayer techniques described
above3®6869 Thus, in this work, we have determined the

E 20 2 = 1.0 molecular orientation of the tolan derivative upon the
% ] = wF} o compression process from reflection spectra, measured using
‘;15-’ Zn] - 05" F0.8 % unpolarized light under normal incidence. The reflection
= 1! € 5] 00 G} 3 spectra recorded at different values of the area per molecule
4 10: ! Yol 05 [08 gJ upon the compression process are illustrated in Figure 6a,
o : N aomimoenier . loa © together with the absorption spectrum of a dilute C10(PEB)-
% i ‘. = CN solution in chloroform and the normalized spectra in
o 5], A 02 2 Figure 6b. The normalized reflectioAR,, defined asAR,

‘5 ' Trreaaa, 00 < = AR-Area per molecule, more clearly demonstrates
“ L1 [ changes of orientation and/or association than the directly

02 04 06 08 10 12 14 186 measured spectray\R. The first remarkable characteristic

is the blue shift in the reflection spectra by ca. 30 nm
) N relative to the solution spectrum, consistent with the forma-
Figure 5. 7—A (left) andAV—A (right) isotherms for CL0(PEB)CN. Inset . fH H ft. f din LB
graph shows ther—A isotherm (left) anduq/e, values upon compression t!on of H-aggregates. H-aggregates are _0 _e_n oun ] In
(right). films formed from, for example, amphiphilitrans-stil-

i AV with d . lecule is ob d at high benegfOtrans-azobenzene®;"* hemicyanine derivatives,
N AV WIth decreasing area per molecule IS observed at hig ersquaraineé? and many other molecules in which the

valqes of the. area per molecule thar_l thosg correspondmg tochromophore has the main dipole transition moment arranged
the increase in the surface pressure invth&isotherm. This

is indicative of roaressive orientation of the molecul more or less along the amphiphile backbone. It is also
s Indicative of a progressive onientation of thé molecules noteworthy that the hypsochromic shift of the floating layer
even in the gas phase where— 0. We will see later that

other experimental data (reflection spectroscopy, Figures GIS persistent and practically independent of the applied
q 7 pl load to thi lusi P - py,l g fsurface pressure. These observations indicate that the ar-
an .) aso iead 1o Ihis conclusion. or monoiayers o rangement observed in the Langmuir film must represent a
amphiphilic compounds, a quantitative relationship between . = .
. minimum free-energy conformation for the system and
measuredAV and the normal component of the dipole . .
) suggests that the formation of the blue-shifted aggregate does
moment has been established by means of models based on : . . o9
. - not depend for its formation upon the orientation imposed
the Helmholtz equatioff. Thus, for a non-ionized monolayer,

the surface potential can be expressed as by the Langmuir technique.

Area per molecule (nmzlmolecule)

_ Mn (66) Vogel, V.; Mtbius, D.J. Colloid Interface Sci1988 126, 408.
AV = Ace (2) (67) Tsukanova, V.; Salesse, &.Phys. Chem. B004 108 10754.
-0 (68) Orrit, M.; Mobius, D.; Lehman, U.; Meyer, Hl. Chem. Phys1986
85, 4966.

whereA is the area per molecule, and ¢, are the relative (69) Pedrosa, J. M.; MdritRomero, M. T.; Camacho, L1. Phys. Chem.

. . L . B 2002 106, 2583.
dielectric constant and the permittivity of vacuum, respec (70) Furman, I.; Geiger, H. C.: Whitten, D. G.: Penner, T. L.; Ulman, A.

tively, andun is the normal component of the dipole moment Langmuir1994 10, 837.
per molecule. The inset of Figure 5 showge, vs area per  (71) Song, X. Perlstein, J.; Whitten, D. G. Am. Chem. S0d995 117,

(72) Heeseman, J. Am. Chem. S0d.98Q 102, 2166.
(65) Helmholtz, H.Abh. Thermodyn1902 51 (73) Chen, H.; Law, K.-Y.; Whitten, D. Gl. Phys. Chenml996 100, 5949.
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Figure 6. (a) Reflection spectra of Langmuir films upon compression. (b) Normalized reflection spectra upon compression and (dotted line) absorption
spectra of a 8« 1076 M C10(PEB)CN solution in chloroform.
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Figure 8. UV—vis spectrum of a monolayer LB film of C10(PEB)CN
transferred at 10 mN/m.
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Scheme 1. Definition of@ Angle (angle between the normal

to the surface and the transition moment of the . . .
C10(PEB)CN molecule) and Its Complementary Anglep moment around the surface normal, the orientation factor is

defined by?°
3.
forient = §S|n2 0 (3)

where @ is the angle formed by the normal to the surface

and the dipole transition moment of the chromofore (Scheme

1). The decrease iR, with increasing surface pressure (or

decreasing area per molecule) observed in Figure 6b is related

to an increase in the tilt angle of the C10(PEB)CN molecule
Air with respect to the water surface.

Water An integration of the absorption band of the C10(PEB)-

CN in chloroform yields an oscillator strength bf= 1.00

according to the equatiéh
A quantitative analysis of the reflection spectra of C10-

(PEB)CN and a comparison of the reflection spectra with 4e,2.303M,C, 1
the UV—vis spectrum obtained in dilute solution has allowed f= T NE ﬂmdé dv=1.44x10 " ﬁandf dv  (4)
us to calculate the tilt angle of the molecule with respect to A
the water surface. Thus, in solution, the orientation of the
chromophore units is random and, therefore, the absorption . .
P unis | bY e the electron chargeg, the light speed in vacuunmi\a

must be proportional to a factor of 2/3 given that only ) L
. Avogadro’s constante the molar absortivity, and the
two out of the three components of the transition moment frequency. The factor 1.44 1072 is expressed in mol

of the chromophore are interacting with the incident unpo- | -1 o,

. 6o . .
larized light™ Nevertheless, at the aiwater interface, The comparison of the oscillator strength obtained in

there is a preferential orlent_atlon of the chromf)phor_e solution with the apparent oscillator strengdtl, calculated
that changes under compression; therefore, an orientation

factor can be d_efm_eﬂ)' _FOI’ a general case, assumln_g_ a (74) Kuhn, H.; Festerling, H. D.Principles of Physical Chemistryiohn
homogeneous distribution of the C10(PEB)CN transition Wiley & Sons: New York, 1999.

wheree, is the permittivity of vacuumme the electron mass,
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Figure 9. AFM images of a one-layer LB films of C10(PEB)CN transferred at the indicated surface pressures.

from the measured reflection spectra, allows the determina-the water surfaceg(= 90 — 6) expressed in degrees (see
tion of the orientation factor using the expression Scheme 1), vs the area per molecule. From the data
f summarized in this figure, it can be concluded that C10-
foron = %’ (5) (PEB)CN molecules undergo a transition from an orientation
in which they adopt an average tilt angle of ca’ 36 a
wherefppis given by? more vertical position with a tilt angle close to*G0st before
the overshoot. After the overshoot, there is a drastic increase
fopp= 2.6 X 10712'l/k;an(ARn dv (6) in the reflection intensity (e.g., Figure 6a, reflection spectra
recorded at 0.16 nfjy which is consistent with a multilayer
The numeric factor 2.6x 10712 is expressed in nni s. formation. After collapse of the monolayer, the effective path
Substitution of the values obtained in eq 4 (oscillator length of the surface sample increases, leading to an increase
strength) and eq 6 (apparent oscillator strength) in eq 5 givein the reflection spectrum and, in addition, the more randomly
the orientation factor, which when substituted in eq 3 yields oriented molecules in the 3D aggregates that form the
the angle,f, formed by the normal to the surface and the collapsed multilayered structure would also contribute to an
dipole transition moment of the C10(PEB)CN molecule.  increase in thé\R values. Tilt angles beyond the overshoot
Figure 7 shows the—A isotherm (left) together with the  have not been determined, as area per molecule values are
tilt angle, ¢ (right), defined as the tilt angle with respect to no longer consistent with a monolayer.
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The Langmuir films were transferred onto solid supports not apparent in the film transferred at 12 mN/m, where the
of either quartz or mica to fabricate one-layer-thick LB films. mica surface is completely covered by the surface. The rms
The substrates were hydrophilic and initially immersed into roughness is low, in the 0.3 and 0.03 nm range for films
the subphase. The deposition ratio was close to 1 for all thetransferred at 10 and 12 mN/m, respectively. The film
substrates used. thicknesses were determined by scratching the films with

The frequency change\f) for a QCM quartz resonator the AFM tip, yielding values around 2.0 nm in both cases
before and after the deposition process was determined.(10 and 12 mN/m). When the height of C10(PEB)CN in a

Taking into account the Sauerbrey equatfon vertical position (2.4 nm) is taken into account, this film
thickness corresponds to a tilt angle of the molecules df 56
_ 2fozAm 7 in good agreement with the values obtained from reflection
N qu1/2#q1/2 (7) spectroscopy at the aiwater interface. However, 3D

microcrystals of irregular thickness can be seen in films
wheref, is the fundamental resonance frequency of 5 Hz, transferred at surface pressures higher than the overshoot
Am(g) is the mass chang#, is the electrode area is the (Figure 9, transference surface pressure of 17 mN/m).
density of the quartz (2.65 g crf), and uq is the shear

module (2.95x 10 dyn/cnt); the C10(PEB)CN molecular Conclusions
weight is 359.22 g mol, the surface coveragd' () is 3.4 . o
and 3.6x 10-1°mol cnr2 for films transferred at 10 and 12 Well-defined, homogeneous Langmuir films of the tolan

mN/m, respectively, which is in excellent agreement with derivative C10(PEB)CN can be fabricated at the-avater

the estimated values for the saturated surface coverage, 3.4nterface on a pure water subphase. Two-dimensional H-
and 3.6x 10710 mol cn2, determined from the molecular aggregates are formed as soon as the organic compound is
area (0.48 and 0.46 rifmolecule) of C1I0(PEB)CN at the spread onto the water surface and apparently represent a
air—water interface at the two surface pressures. minimum free energy conformation for the system. A
The UV-vis spectrum of a monolayer LB film of C10- significant degree of order is progressively achieved upon
(PEB)CN is similar in profile to the reflection spectrum the compression process, accompanied by a gradual tilt of
obtained at the airwater interface for a Langmuir film at  the molecules from an initial angle of 36etween the long
the same surface pressure, with a maximum absorptionaXiS of the molecule and the water surface, to a value of
feature at 286 nm (Figure 8 shows for instance the spectrumnearly 60 before the collapse of the monolayer into an
of a 10 mN/m transferred monolayer LB film). The similarity undefined, multilayer structure. The Langmuir films are
of the spectra from the Langmuir and Langmtlodgett ~ transferable onto solid supports by the vertical dipping
films indicates that the H-aggregates formed at thewater ~ Method with a deposition ratio of 1. Furthermore, Y¥is
interface are transferred undisturbed onto the quartz substrate2nd AFM studies have demonstrated that the Langmuir film
Atomic force microscopy is a convenient tool with which 1S transferred onto the substrates keeping the same H-
to image the film surface morphology with high spatial aggregation and orientation than the floating monolayers.
resolution. Representative images of films transferred to mica
substrates at 10, 12, and 17 mN/m are shown in Figure 9. Acknowledgment. The authors are grateful for financial
The films transferred from the lower surface pressure assistance from MEC (Spain) and fondos FEDER in the
Langmuir films are very homogeneous, without obvious 3D framework of Projects BQU2003-01765 and CTQ2006-05236
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