CHEMISTRY OF

MATERIALS

Chem. Mater. 2010, 22, 2041-2049 2041
DOI:10.1021/cm903270d

Article

Fabrication, Characterization, and Electrical Properties of
Langmuir—Blodgett Films of an Acid Terminated
Phenylene—Ethynylene Oligomer

Ana Villares,” Gorka Pera,™* Santiago Martin,™® Richard J. Nichols, .
Donocadh P. Lydon,* Lucas Applegarth,” Andrew Beeby, Paul J. Low," and Pilar Cea*"*

"Departamento de Quimica Orgdnica y Quimica Fisica, Facultad de Ciencias, Universidad de Zaragoza,
50009, Spain, *Instituto de Nanociencia de Aragén (INA), Edificio i+d. Campus Rio Ebro, Universidad de
Zaragoza, C/Mariano Esquillor, sjn, 50017 Zaragoza, Spain, *Department of Chemistry, University of
Liverpool, Crown Street, Liverpool, L69 7ZD, United Kingdom, and “Department of Chemistry,
University of Durham, Durham DHI1 3LE, United Kingdom.

Received October 25, 2009. Revised Manuscript Received January 13, 2010

This paper describes the preparation of Langmuir—Blodgett (LB) films comprised of an oligomeric
phenylene—ethynylene (OPE) derivative, 4-[4-(phenylethynyl)-phenylethynyl] benzoic acid (BPEBA).
Analysis of the surface pressure and surface potential vs area per molecule isotherms reveal that good
quality monolayer films can be formed at surface pressures of 15 mN/m. The monolayers were
transferred onto solid substrates with a Z-type deposition and a transfer ratio of 1. Raman and
surface-enhanced Raman spectroscopy (SERS) studies reveal that the films are physisorbed onto
silver metal substrates. The morphology of the deposited films was analyzed by means of atomic force
microscopy (AFM), revealing the formation of homogeneous layers free of three-dimensional
defects. The optical and emissive properties of the LB films were determined, with significant blue-
shifted absorption spectra indicating the formation of two-dimensional H aggregates in the films.
In addition, a significant Stokes shift in the excitation and emission spectra of the films is indicative of
a distribution of molecular conformations around the long molecular axis in the solidlike monolayer
environment. Scanning tunneling microscopy (STM) studies of single layer BPEBA LB films were
performed. The tip—sample distance has been calibrated carefully to obtain /—J curves above the LB
film. I—V curves are unexpectedly symmetrical in spite of the asymmetric contacts of the molecule
with the tip and the substrate. Single molecule conductance for BPEBA has also been determined
and the similarity of these results to /—V data for BPEBA incorporated in LB films indicates that
lateral (intermolecular) conductance is negligible for electrical measurements using the STM

configuration.

Introduction

The field of conducting polymers has been a source of a
vast body of new science,' > and the number of new
conducting and semiconducting polymeric materials emp-
loyed in the fields of electronics and optoelectronics has
rapidly increased due to the possibility of modulating the
final properties with subtle modifications in the chemical
structure. In contrast to the use of polymeric materials,
which function through the electronic properties of the
bulk, the field of molecular electronics arises from the use
of single molecules to perform a certain task; therefore,
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the functionality is already present in the smallest com-
ponent of the device.®’

In recent times, a wide variety of novel electronically
active, molecule-based devices have been proposed, and
in some cases tested, for collecting, processing, display-
ing, and storing information.® The realization of a truly
molecular electronic device relies upon the assembly of
small packets of active molecules to build up a nanoscale
device. This methodology, known as the “bottom-up
approach”, is commonly used in the fabrication of mole-
cular electronic devices and test beds. Consequently, the
development of molecular electronic technology has been
closely related to the advances in synthetic chemistry,
which provides access to the new molecular building
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blocks that may be employed for the construction of such
devices.”'?

One family of organic molecular materials with pro-
mising electronic properties identified to date is the
phenylene—ethynylene oligomer (OPE)."*"2° The basic
structure of OPE derivatives consists of a highly conju-
gated structure composed of alternating phenylene rings
and acetylenic (C=C) moieties (i.e., —(CsRy—C=C—),).
This skeleton provides a rigid, linear structure that sup-
ports a delocalized 7 electron system which in turn leads
to fluorescent and electroluminescent properties,”'** as
well as molecular wirelike features.'**-** In the most
general terms, the OPE structure can vary from two phenyl
rings separated by a triple bond (tolan derivatives)* >’ to
oligomers,?**® or polymers'* containing a high number of
phenylene ethynylene repeat units. Oligomers of well-
defined chemical composition are suitable for the con-
struction of molecular electronic devices, with many
convenient synthetic methods being available, rendering
a wide variety of functional accessible.”’*' However,
even when working with chemically well-defined oligo-
meric structures, considerable care must be exercised to
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identify the extended molecular interactions and aggrega-
tion phenomena in the solid state; it is well-known that
the extended molecular organization, as well as the nature
of the contact between the molecule and solid interface,
can play a significant role in modulating the final signal of
the device arising from active molecular units since the
intermolecular interactions can modify, magnify, or even
create the response to external signals.>*” The methods
and mechanisms available for assembly of molecular
electronic candidates onto surfaces is therefore an area
of considerable interest.

To date, OPE derivatives have been mainly ordered in
two-dimensional arrays on solid surfaces by means of the
self-assembly (SA) technique.” The SA method permits
the fabrication of high quality thin (monolayer) films
from suitably functionalized molecular materials through
relatively simple protocols.**** The most commonly ex-
plored SA systems have taken advantage of the strong
interaction between gold and thiols.*'*** However, this
method presents several experimental disadvantages re-
lated to the instability of thiol groups*’ and also rather
limits the number of metal—organic interfaces which can
be analyzed. Thus, despite the undisputed success of thiol
on gold SA films in developing much of the contemporary
research in molecular electronics, a systematic study of
different organic—metal contacts is of vital importance to
determine the role that the interface plays in measure-
ments of the conductivity of single molecules.****

In the Langmuir—Blodgett (LB) technique, assembly
of molecular films is driven by an organization of the
material at the air—water interface through the amphi-
philic nature of the molecules that, on the one hand,
permits its anchoring at the water surface and, on the
other hand, facilitate a close-packed arrangement of the
material by means of van der Waals interactions between
neighboring molecules upon the compression process.
Once the molecules are well-ordered at the air—water
interface, the film can be transferred onto a solid support.
Physisorbed LB films are very common (due to the large

(32) Joachim, C.; Gimzewski, J. K.; Aviram, A. Nature 2000, 408(6812),
541.

(33) Lewis, P. A.; Inman, C. E.; Maya, F.; Tour, J. M.; Hutchison, J. E.;
Weiss, P. S. J. Am. Chem. Soc. 2005, 127, 17421.

(34) Weibel, N.; Grunder, S.; Mayor, M. Org. Biomol. Chem. 2007, 5,
2343,

(35) Lindsay, S. M.; Ratner, M. A. Adv. Mater. 2007, 19, 23.

(36) Tour, J. M.; He, T. Nature 2008, 453, 54.

(37) Zhang, J.; Kuznetsov, A. M.; Medvedev, 1. G.; Chi, Q.; Albrecht,
T.; Jensen, P. S.; Ulstrup, J. Chem. Rev. 2008, 108, 2737.

(38) Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin,
T. P.; Jones, L.II; Allara, D. L.; Tour, J. M.; Weiss, P. S. Science
1996, 271, 1705.

(39) Fendler, J. H. Chem. Mater. 2001, 13, 3196.

(40) Adams, D. M.; Brus, L.; Chidsey, C. E. D.; Creager, S.; Creutz, C.;
Kagan, C. R.; Kamat, P. V_; Lieberman, M.; Lindsay, S.; Marcus,
R. A.; Metzger, R. M.; Michel-Beyerle, M. E.; Miller, J. R;
Newton, M. D.; Rolison, D. R.; Sankey, O.; Schanze, K. S.;
Yardley, J.; Zhu, X. J. Chem. Phys. B 2003, 107, 6668.

(41) Nuzzo, R. G.; Allara, D. L. J. Am. Chem. Soc. 1983, 105, 4481.

(42) Dhirani, A.; Zehner, R. W.; Hsung, R. P.; Guyot-Sionnest, P.; Sita,
L.R.J. Am. Chem. Soc. 1996, 118, 3319.

(43) Tour, J. M.; Jones, L.II; Pearson, D. L.; Lamba, J. J. S.; Burgin,
T. P.; Whitesides, G. M.; Allara, D. L.; Parikh, A. N.; Atre, S. V.
J. Am. Chem. Soc. 1995, 117, 9529.

(44) Kushmerick, J. G.; Holt, D. B.; Yang, J. C.; Naciri, J.; Moore,
M. H.; Shashidhar, R. Phys. Rev. Lett. 2002, 89, 086802.



Article

flexibility in both the substrate material and the amphi-
philic group of the assembled compound), although
chemisorption can occur if there is a specific interaction
between the molecule and the substrate. Recently, the LB
method has received renewed interest as a process for the
fabrication of thin films containing OPE derivatives®®*>~%°
and provides a simple base from which to explore a very
wide variety of organic—metal contacts (e.g., nitrile,
amine, carboxylic acid, etc., on a wide variety of sub-
strates Pt, Pd, Ag, etc.).26’45747’50752

OPE derivatives used to date for assembly into films by
the LB technique have contained both a polar headgroup,
which allows the monolayers to be stable at the air—liquid
interface thanks to the polar headgroup—water inter-
actions and an alkyl chain “tail” to provide stability to
the monolayer thanks to the van der Waals interactions.
However, from the point of view of the future molecular
electronic applications of these materials, there is a
remarkable advantage in using OPE derivatives without
the supporting, but insulating, alkyl chain “tail”, given
that a direct connection between the conjugated ring and
the gold tip of the scanning tunneling microscope is
expected to facilitate smooth electrical transport.
Prompted by this picture of the current landscape, we
have now explored the film forming properties of
4-[4'-(phenylethynyl)-phenylethynyl] benzoic acid (BPEBA,
Figure 1), an OPE derivative funtionalized with an acid
group to facilitate its spreading and anchoring onto the
water surface, but without an alkyl tail that could limit the
conducting properties of the resulting films. BPEBA is
shown to yield high quality films with promising electro-
nic properties.

Experimental Section

Synthesis. General Conditions. All reactions were carried
out under an atmosphere of nitrogen using standard Schlenk
techniques. Nonaqueous solvents were purified and dried using
an Innovative Technology SPS-400, or in the case of NEt; by
distillation from KOH, and degassed before use. No special pre-
cautions were taken to exclude air or moisture during workup.
The compounds PAdCL(PPhs),,”* and 1-ethynyl-4(phenylethynyl)-
benzene>* were prepared by the literature methods. Other rea-
gents were purchased and used as received. NMR spectra were
recorded on Bruker Avance ("H 400.13, *C 100.61,*'P 161.98 MHz)
or Varian Mercury (*'P 161.91 MHz) spectrometers from CDCl;
solutions and referenced against solvent resonances.
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Figure 1. Chemical structure of the 4-[4-(phenylethynyl)-phenylethynyl]
benzoic acid (BPEBA).

A suspension of 1-ethynyl-4(phenylethynyl)benzene (0.77 g,
3.81x 102 mol), methyl iodobenzoate (0.93 g, 3.54 x 10> mol),
PdCl,(PPhs), (0.053 g, 7.60 x 10~ > mol), and Cul (0.014 g, 7.60 x
107> mol) in triethylamine (70 mL) was allowed to stir over-
night. The ammonium salt formed was removed by filtration,
and the solvent was removed from the filtrate to give crude
4-[4-(phenylethynyl)-phenylethynyl] methyl benzoate, which
was recrystallized from toluene/hexane. The ester was hydro-
lyzed in refluxing 1:1 aqueous ethanol (50 mL) containing
sodium hydroxide (2.00 g, 5.00 x 10~2 mol). The volatiles were
removed and 4-[4-(phenylethynyl)-phenylethynyl] benzoic acid
(BPEBA) obtained as a precipitate by treatment of the aqueous
solution of the sodium salt with hydrochloric acid (2 M).

Film Fabrication. The films were prepared on a Nima Teflon
trough with dimensions 720 x 100 mm?>, which was housed in a
constant temperature (20 + 1 °C) clean room. A Wilhelmy paper
plate pressure sensor was used to measure the surface pressure
(7r) of the monolayers. The subphase was an aqueous (Millipore
Milli-Q, resistivity 18.2 MQ-cm) solution of NaOH whose pH
was 9, which leads to ionization of the carboxylic group and
further reduces the tendency for aggregation of the OPE. The
solution containing the 4-[4'-(phenylethynyl)-phenylethynyl]
benzoic acid (BPEBA) in a 2:1 hexane:ethanol solvent (both
purchased from Aldrich and used as received; purity =99% and
>99.5%, respectively) 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. Hexane
was employed as the spreading solvent since the BPEBA is not
soluble in the common liquids used in the Langmuir—Blodgett
technique. The use of ethanol in the spreading solvent serves to
limit the formation of hydrogen-bonded carboxylic acid dimers
and aggregates in solution prior to deposition. The spreading
solvent was allowed to completely evaporate from the surface of
the subphase over a period of at least 20 min before compression
of the monolayer commenced at a constant sweeping speed of
0.02 nm?/molecule-min. Under these experimental conditions,
the isotherms were highly reproducible. Surface potential mea-
surements were carried out using a Kelvin Probe provided by
Nanofilm Technologie GmbH, Gottingen, Germany. During
monolayer compression, 7—A4 and AV — A isotherms were recor-
ded simultaneously.

The solid substrates used for the transferences were cleaned
carefully as described elsewhere.’>>® The monolayers were
deposited at a constant surface pressure by the vertical dipping
method, and the dipping speed was 6 mm/min. UV—vis spectra
of the LB films were acquired on a Varian Cary 50 spectro-
photometer and recorded using a normal incident angle with
respect to the film plane. The fluorescence spectra were recorded
by means of a Horiba-Jobin-Yvon Fluorolog 3-22 Tau-3 spec-
trofluorimeter. The RAMAN and SERS spectra were obtained
using a Horiba Jobin Yvon LabRAM HR with an excitation
wavelength of 633 nm. Silver islands (thickness 9.1 nm) were pre-
pared in an Edwards model 306 vacuum coater from a resistively
heated tungsten boat. The substrates were Menzel—Glaser glass
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microscope slides cleaned in piranha solution for 30 min (3:1
97% H>S04:30% H->0,), rinsed with deionized water, dried
in a stream of N,. During film deposition, the background
pressure was maintained at 2 x 10~® Torr, and the deposition
rate (0.02 nm-s~ ') was monitored on an Edwards FTM7 quartz
crystal film thickness monitor. After deposition, annealing was
performed at 200 °C for 60 min in a nitrogen atmosphere.

The atomic force microscopy (AFM) imaging was performed
with a multimode Nanoscope IITA microscope (Digital Instru-
ments, Veeco). The AFM tip was made of silicon with a resonant
frequency of 285 kHz and a force constant of 42 N/m. All the
images were recorded under ambient atmosphere at room tem-
perature using tapping mode. The scanning rate was 1 Hz, and
the amplitude set point was lower than 1 V. Cyclic voltammetry
(CV) experiments were carried out in an electrochemical cell
containing three electrodes. The working electrode consisted
of a gold substrate with the deposited LB film, the counter
electrode was a platinum sheet, and the reference electrode was
Ag |AgCl| saturated KCI.

An Agilent STM running Picoscan 4.19 Software was used for
all scanning tunneling microscopy (STM) and STM based
electrical measurements. The tip potential is referred to as U,.
STM tips were freshly prepared for each experiment by etching
of a 0.25 mm Au wire (99.99%) in a mixture of HCI (50%) and
ethanol (50%) at +2.4 V. Gold films employed as substrates
were purchased from Arrandee, Schroeer, Germany. These were
flame-annealed at approximately 800—1000 °C with a Bunsen
burner immediately prior to use. This procedure is known to
result in atomically flat Au(111) terraces.>’

Results and Discussion

The Langmuir—Blodgett technique (LB) was used to
assemble the BPEBA molecules into thin, well ordered
films. The protocol to fabricate true monolayers at the
air—water interface was carefully designed and tested (see
the Experimental Section) with the aim of decreasing the
molecular forces between the BPEBA units which may
lead to the formation of three-dimensional aggregates.
The reproducible surface pressure and surface potential
isotherms are shown in Figure 2.

With the purpose of analyzing in more detail the
information provided by the 71— A4 isotherm, the compres-
sibility coefficient, C, has been determined:>®

),

By analyzing the Cy—u curves, phase transitions can be
detected in terms of changes in the slope. Furthermore,
the compressibility modulus, K (K, = C '), provides
information about the phases and phase transitions of the
monolayer according to the classification of Davies and
Rideal.” Figure 3 shows the C;—a curve for the BPEBA
monolayer at the air—water interface together with the
Young modulus.

The surface pressure is zero in the a—b region (Figure 2),
which corresponds to the gas phase (Cs > 0.085 m/mN).>’
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Figure 2. Surface pressure and surface potential versus area per molecule
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Figure 3. Compressibility coefficient (Cs) plotted as a function of the
surface pressure (;7) for the BPEBA monolayer at the air—water interface.
The inset figure represents the Young modulus isotherm where the
different phases of the monolayer have been indicated.

The lift-off in the isotherm appears at 1.10 nm?/molecule
(point b in Figure 2), with a monotonous increase of the
surface pressure upon compression. The h—c region in
the isotherm corresponds to a liquid expanded (LE) phase
according to the Young modulus values (see inset of
Figure 3).°° At point ¢ in Figure 2 (0.60 nm? 12 mN/m),
a change in the slope of the w—A isotherm occurs,
followed by a lower sheer region (¢—d). This ¢c—d region
is accompanied by a sharp symmetric peak in the Cs—mx
graph, which is indicative of a phase transition, arguably,
a liquid expanded—liquid condensed phase transition
(LE-LC). At ¢ (0.20 nm?, 18.5 mN/m), the surface pres-
sure increases again, accompanied by a drastic increase in
K, whose values point out a liquid condensed phase
(LC).” At 19 mN/m, there is a small plateau (e—f) that
we have assigned to a liquid condensed—solid (LC-S)
transition, which is followed by another sharp increase in
the surface pressure upon compression, probably due to
the fact that the monolayer is entering into the solid
phase. It is noted at this point that AV —A isotherms are
well-known to anticipate the phase changes a few ang-
stroms before they are detected in the 7— A isotherms,
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indicated surface pressures.

and this is the case as well in the isotherms shown in
Figure 2. The sudden decrease of AV values at ca. 0.22 nm?
is especially worthy of note. This decrease in AV values
upon compression is consistent with a collapse of the
monolayer, in which the dipole moments are randomly
distributed in a three-dimensional arrangement of BPE-
BA molecules.

Langmuir monolayers were transferred onto solid sub-
strates by the vertical dipping method with the hydro-
philic substrates initially immersed in water. During
the upstroke process, the deposition ratio is close to unity
(= 0.99) for all the surface pressures of transference stu-
died. However, during the immersion process, the trans-
ference ratio is close to zero; therefore, the deposition of
BPEBA molecules is Z-type, resulting in the formation of

noncentrosymmetric LB layers, which could be of interest
at a later date for nonlinear optical applications.

The morphology of the transferred films was evaluated
by atomic force microscopy (AFM). Monolayers of
BPEBA were deposited onto freshly cleaved mica sub-
strates at several surface pressures of transference. Some
representative images and section analysis profiles are
shown in Figure 4.

AFM images of BPEBA acid monolayers transferred at
15 mN/m show a homogeneous surface, in which the mica
is wholly covered by the monolayer (lower surface pres-
sures of transference show the presence of holes or
incompletely covered surfaces). This result is indicative
of a high surface coverage even at this relatively low
surface pressure. The film roughness, calculated in terms
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Figure 5. Cyclic voltammogram (CV) of a single-layer thick LB film of
BPEBA deposited on a gold electrode at 15 mN/m surface pressure (solid
line). The LB film deposited on the gold working electrode was immersed
in aqueous solutions of | mM Ru(NH)sCl; and 0.1 M KCl, and CVs were
recorded. The scan rate was 0.1 V/s at 20 °C, and the initial scan direction
was negative. The surface area of the working electrode was 1 cm® An
Ag|AgCl| saturated KCI reference electrode was employed, and the
counter electrode was a Pt sheet. The dashed line shows the response of
a bare gold electrode in the same solution.

of the root mean squared (rms) is quite low, about 0.10 nm
over areas of 1 um”. In contrast, monolayers deposited at
a surface pressure of 18 mN/m give much less homoge-
neous films, which are characterized by the presence of
higher irregular domains. The height of these domains is
between 0.8 and 1.2 nm, likely indicating that some
molecules are ejected from the film plane, in agreement
with the data provided by the AV — A4 isotherm, giving rise
to multilayer regions. Finally, the films transferred at
22 mN/m show a nonhomogeneous and irregular surface,
which is a clear indication of the transference of three-
dimensional structures. From these results, we concluded
that the optimum surface pressure of transference is
around 15 mN/m, for which a real monolayer free of
three-dimensional defects and holes is deposited.

The OPE derivative used in this work lacks the alkyl
chains that are commonly used to stabilize LB films by
promoting strong van der Waals interactions between
neighboring molecules and opens the question of whether
the films prepared from BPEBA are well-packed. To
address this point and obtain further information about
the quality of the LB films that can be formed from
BPEBA, Langmuir films of BPEBA were transferred
onto gold electrodes initially immersed in the water
subphase. The electrochemical current from a redox
probe molecule in solution (ruthenium hexamide) at the
electrode under controlled applied potential gives an indir-
ect gauge of defect densities in thin films on surfaces.®!*%?
Figure 5 shows the cyclic voltammogram (CV) obtained
from aqueous solutions containing 1 mM Ru(NH)Cl;
and 0.1 M KCl, using gold working electrodes modified
by monolayer LB films deposited at 15 mN/m. For
comparison, the electrochemical response of a bare gold
electrode is shown. The peaks corresponding to the
reduction and subsequent oxidation of the redox probe
have significantly reduced their intensity for the LB film
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Figure 6. UV—vis spectrum of a one-layer film of BPEBA transferred at
15 mN/m onto a quartz substrate (solid line) and UV—vis spectrum of
BPEBA solution in hexane (dotted line).

covered surface, which is indicative of passivation of the
electrode and a relatively compact monolayer.

The optical properties of the transferred films offer
additional insight into the molecular arrangement and
degree of order within the film. A Langmuir film of BPEBA
was transferred onto quartz substrates at 15 mN/m, and
the UV—vis absorption spectrum was recorded (Figure 6).
For the purpose of comparison, the UV —vis spectrum of
BPEBA in hexane solution is also plotted.

The spectrum of the LB film shows a main band
centered at 281 nm and a series of partially resolved
absorption bands at 299 and 335 nm, while the solution
spectrum presents a main peak centered at 317 nm with a
shoulder at 336 nm, characteristic of the phenylene—
ethynylene moiety.®® The small features at longer wave-
lengths in the solution spectrum likely arise from dimers
or other aggregates. The blue shift of 36 nm in the film
spectrum with respect to that of the solution is attribu-
table to the formation of two-dimensional H-aggregates.
These aggregates are commonly found in LB films in
which the chromophore has the main dipole transition
moment arranged more or less along the amphiphile
backbone, such as rrans-stilbenes,**®° srans-azobenzenes,*®
hemicyanine derivatives,®’ squaraines,®® and OPE deriva-
tives.?® It is also noted at this point that LB films of this
compound incorporating an alkyl chain of six carbon
atoms are characterized by a blue shift of 60 nm with
respect to the solution.*® This result indicates that the
presence of alkyl chains has a significant effect on the
optical behavior of the films and the arrangement of this
family of compound in two-dimensional systems.
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Figure 7. Normalized fluorescence excitation (left, Ao, = 400 nm) and
emission (right, Aex = 372 nm) of BPEBA in hexane solution (solid lines)
and in LB films transferred at 15 mN/m (dotted lines).

The 1,4-bis(phenylethynyl)benzene skeleton is highly
fluorescent,®® and excitation and emission fluorescence
spectra from the LB monolayers of BPEBA are similar in
profile to those of the parent material 1,4-bis(phenyl-
ethynyl)benzene®>* (Figure 7).

The excitation spectra shown in both cases (solution and
LB film) are considerably broader and less well-defined than
the emission spectra, due to the greater rotational freedom
of the phenylene—cthynylene substructure in the ground
state. In addition, no mirror image relationship between the
excitation and emission spectra is observed due to the
conformational changes that follow excitation. Comparing
the spectra of the LB films with those of the solution, two
main features can be identified. First, the LB absorption
spectra are broader with respect to the solution spectra,
which is likely to arise from the presence of intermolecular
interactions and 2D H-aggregate formation.*® Second, there
is a significant Stokes shift in the LB emission spectra illus-
trating the emission from the aggregate. The low optical
density of these deposited films means that this observed
shift is not due to reabsorpion effects as sometimes observed
in the fluorescence from bulk solid materials.

The similarity of the excitation and emission spectra
of the BPEBA LB films and both BPEBA and the parent
molecule 1,4-bis(phenylethynyl)benzene in solution strongly
suggest that the BPEBA has been deposited on the sub-
strate without chemical modification. To further verify
the chemical nature of the surface adhered molecular
material, we turned to surface-enhanced Raman spectro-
scopy (SERS), which is known to be a useful tool for
structural studies of molecules deposited onto metallic
solid substrates.”””’* The Raman spectrum of BPEBA
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Figure 8. Raman spectrum of solid BPEBA and SERS spectra of 1-layer
LB film and 16-layer LB film on silver islands.

(collected from powder samples of the pure solid material
using a Raman microscope) and SERS spectra of both
1-layer and 16-layer LB films deposited on silver mirrors
are depicted in Figure 8.

The Raman spectrum of the solid compound shows
three major vibrational bands centered at 1126, 1597, and
2213 cm™'. The highest wavenumber band is associated
with the localized vibrational motion of the acetylene
groups. The band at 1597 cm ™! is assigned to the sym-
metric stretch of the three aromatic rings along the long
axis of the molecule, and the one at 1126 cm™ ' is due to a
symmetric C—H bending mode.”> There are only minor
band shifts and differences in intensity observed in the
SERS spectra, and these are indicative of the differences
in molecular environment between the powder and the
adsorbate which leads to variations in the polarizability
tensor of the deposited molecules.”® When an adsorbate is
chemically bonded to the solid surface, significant changes
are observed between the bulk and SERS spectra char-
acterized by peak shifts of 100 cm ™' or more;’* however,
physisorption results in only small variations in the band
position and relative intensities.”” In the present case, the
small shift to lower wavenumbers in the spectra of the LB
films with respect to the pure compound indicates that the
BPEBA molecules are physisorbed to the silver substrate,
i.e. the interaction between the BPEBA and the substrate
is weak.

The electrical properties of these LB films were inves-
tigated with scanning tunnelling microscopy (STM). For
these STM measurements, BPEBA monolayers were
deposited at 15 mN/m onto Au(111). Current—voltage
(I—V) curves were recorded and averaged from multiple
scans (400 scans) recorded for different substrates and at
different locations on each substrate to ensure the repro-
ducibility of the results. Moreover, before recording I—V
curves, it is necessary to know the tip—substrate distance (s),
in order to position the tip sufficiently above the monolayer
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Parker, A., W_; Rutter, S. R.; Towrie, M. Chem. Commun. 2003, 19,
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Figure 9. /—V curves of single layer LB films of BPEBA transferred
onto Au(111) at 15 mN/m using several set-point parameters: 0.1 nA (s =
1.96 nm) (dotted line); 0.3 nA (s = 1.80 nm) (solid line); and 0.5 nA (s =
1.72 nm) (dashed line). An /—V curve constructed from single molecule
conductance values obtained using the /(s) method is also shown (blue
squares). The error bars represent the standard deviation. U, = 0.6 V.
The inset graph shows the conductance histogram built by adding all the
experimental data from —0.4 t0 0.4 V for each /—V/ curve obtained at U, =
0.6 V and 7, = 0.3 nA. The red solid line is the Gaussian fit.

and hence to avoid penetration of the STM tip into the
film. To achieve this purpose, a careful calibration of
the tip-to-substrate distance is required. The set-point
parameters of the STM (I, = “set point current” and U, =
“tip bias”) can be converted to an absolute gap separa-
tion ()" %" according to the equation:

- ln(GoUl/[())

= “dIn(l)/ds @)

where d In(Z)/ds was typically on the order of 6.65 £
1.28 nm ™" and Gy (Go = 2¢*/h = 77.4 uS) is the conduc-
tance quantum.

Figure 9 shows I—V curves obtained for a single layer
BPEBA LB film using several set-point parameters (U, =
0.6 Vand I, = 0.1, 0.3, and 0.5 nA) which give different
initial tip—substrate distances according to eq 2 (1.96,
1.80, and 1.72 nm, respectively, with the molecule length
being 1.91 nm according to molecular models, Chem 3D).
For statistical analysis, a histogram was constructed (for
the set-point parameters U; = 0.6 V and [, = 0.3 nA) by
adding all the experimental data from —0.4 to 0.4 V (the
linear region in the /—V curve) for each curve and fitted
by a Gaussian function (inset of Figure 9). In addition,
Figure 9 also shows an /—J curve constructed from single
molecule conductance (SMC) values for BPEBA ob-
tained using the /(s) method at eight different bias voltage
values. A description of the /(s) technique can be found in
the literature;*'* it has been widely employed to deter-
mine single molecule conductance.””*® When the set-
point parameters are 0.3 nA and 0.6 V (tip—substrate
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distance of 1.80 nm), the /=¥ curve for the LB film is
practically the same as the one constructed from single
molecule conductance values (Figure 9). Since the curve
using these set-point parameters (0.3 nA and 0.6 V)
coincides with the SMC-curve, it can be concluded that
using these parameters the STM tip probes the conduc-
tance of a single BPEBA molecule embedded in the LB
film. Presumably under these conditions, the STM tip is
located right above the LB film and sufficiently strongly
electronically coupled to a single molecule. Meanwhile,
for 0.5 nA set-point current (s = 1.72 nm) the /—V curve
lies above that for a single molecule, so in this case the tip
either probes conductance through more than a single
molecule in the LB film and/or the tip penetrates inside
the monolayer leading to a conductance increase. On the
other hand, for a set-point current of 0.1 nA (s = 1.96 nm),
the conductance decrease below the single molecule value,
due to an increased gap between the tip and the LB film.
The profile of all the /—V curves is nearly symmetrical
in spite of the inherent asymmetry of the molecule; the
oligomeric moiety has a carboxylic acid group on only
one end of the molecule. Such behavior is anticipated as
the molecule in this case is simply an amphiphilic elec-
tron-donating wire and does not possess the features of
molecules (e.g., donor—acceptor moieties) which have
shown strong rectifying (molecular diode) characteris-
tics.® 7% This nonrectifying behavior reported here has
been previously seen for similar OPE derivatives.*’-87-88
The I—V curves for the LB films and those determined
from single molecular conductance measurements are
similar despite the different molecular surroundings in
the two cases; in the LB film, the molecule is packed
together with neighboring BPEBA molecules, while no
such neighbors exist for the SMC determinations. This
indicates that in the STM configuration intermolecular
electron hopping does not significantly enhance the junc-
tion transport characteristics. The presence of neighbor-
ing m systems does not greatly influence the STM
determined molecular conductance in spite of the exis-
tence of intermolecular interactions and aggregate for-
mation (H-aggregates) in the LB films (as has been
demonstrated by UV—visible and fluorescence spectro-

scopy).

Conclusions

A 1,4-bis(phenylethynyl)benzene derivative has been
synthesized and assembled into well-packed monolayer
films on a variety of substrates by means of the Lang-
muir—Blodgett technique. Langmuir films of BPEBA
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were prepared at the air—water interface and characteri-
zed by surface pressure and surface potential vs area per
molecule isotherms, which demonstrate that this mole-
cule can form true monolayers at the air—water interface.
The LB film was transferred onto solid substrates with a
Z-type deposition with a transfer ratio close to 1. The
morphology of the deposited films was analyzed by
means of AFM revealing the formation of highly homo-
geneous films free of holes and three-dimensional defects
for surface pressures of 15 mN/m. A hypsochromic shift
of the absorption spectrum of the LB films of 36 nm with
respect to the spectrum of a hexane solution of BPEBA
indicates that two-dimensional H-aggregates are formed.
The fluorescent properties of the thin films were evalu-
ated, with fluorescence spectra showing similar features
to the parent compound. Raman and SERS studies reveal
that the BPEBA molecules are physisorbed onto a metal-
lic silver surface. Electrical characteristics of the LB films
on gold substrates were determined by positioning a gold
STM tip sufficiently above the monolayer as determined
from calibration of the tip-to-substrate distance. I—V
curves of the LB film were recorded using different set-
point parameters and then compared with /—V curves
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constructed from single molecule conductance values
obtained by the I(s) technique. /—V curves are symme-
trical in spite of the asymmetric contacts of the molecule
with respect to the tip and the substrate. These measure-
ments show that BPEBA exhibits nonrectifying mole-
cular wirelike characteristics.
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