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ABSTRACT The response of flexible organic semiconducting fluorene nanowires
to structural manipulation and adsorption-induced uniaxial strain is investigated

using first-principles methods. In agreement with experiments, the calculated
shifts in transition energies of strained planar fluorenes do not lead to a molecular
phase change but are modified according to whether deformations promote or
suppress conjugation along the backbone. We identify two energetically identical
modes for compressing the molecule, which cause shifts in opposite directions,
depending on the impact of the deformation on the strength of conjugation. We
also consider surface adsorption as a practical means for inducing strain. Although
the polymer can be linearly extended through mismatch with the surface lattice, g oo
properties are likely to be dominated by local compressed regions.

SECTION Nanoparticles and Nanostructures
he mechanical flexibility of organic semiconductors

I is a material feature which makes them attractive
for incorporation in electronic devices. Understanding

the relationship between their optoelectronic properties and
structure at the molecular level has, however, remained a
challenge on account of the complexity of competing inter-
and intramolecular interactions. In addition to chemical
composition, directed strain is a further means for manipulat-
ing the optoelectronic properties of organics, but practically, it
isharder to find ways to apply specific strain to a “soft” organic
film and especially a single molecule. Strain has been identi-
fied as playing a major role in determining the configuration
of polyfluorenes, where three phases have been characteri-
zed according to the degree of order between monomers.
Ordered B-phase polyfluorenes,' in which fluorene mono-
mers are aligned within the same plane, are stable when the
molecule is elongated along the molecular axis (Figure 1). This
configuration is observed both in thin films*~* and on the
single-molecule level.® The translational symmetry along
the molecular axis permits single molecules to be viewed as
flexible nanowires. These nanowires have been found to be
stable experimentally with regards to uniaxial strain, where
bent molecules have the same fluorescence frequency but
with a broader line width than linear configurations.® The
response of isolated gas-phase oligomers to uniaxial strain
can readily be determined using first-principles quantum
chemistry techniques. Previous theoretical studies have con-
sidered how the distribution of strain in molecular structural
parameters in polyacetylene and polyethylene” and charge
transfer in polyacetylene® affect the Young's modulus of the
molecules using semiempirical-based methods for a micro-
scopic description of the elasticity of bulk materials. In this
study, we compute and compare the molecular response to
uniaxial strain of planar fluorenes, which we discuss in light of
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experiments on bent isolated molecules.® Our calculations
enable us to distinguish between strain stored in structural
parameters and in morphology changes and determine
how the strength of conjugation is affected by calculating
the vertical transition energies. Energetic shifts can thus be
associated with mechanical constraints, caused, for instance,
by interactions with the experimental environment.

For practical situations, a means of inducing uniaxial strain
in the backbone is required, and for this purpose, we consider
specific adsorption on a substrate. The influence of substrate
structures on the molecular configurations has been exam-
ined in the epitaxial growth of semiconducting organic mole-
cular films where van der Waals forces are usually the
predominant means of interaction between adsorbate and
substrate.”'? Subsequent organic layers can readily relax to
accommodate strain induced by weak interactions with the
substrate. In our system, though, we emulate the principle of
strain engineering in inorganic crystal structures by forming
covalent bonds between substrate and adsorbate and thereby
inhibit relaxation of the molecular structure. The Si(100)
substrate consists of a surface layer of rows of buckled Si
dimers, in which the upper dimer atom has a slight negative
charge and the lower atom a slight positive charge.'" Since the
first demonstration that the unsaturated hydrocarbon mole-
cule ethylene could adsorb via a cycloaddition reaction in
which two Si—C ¢ bonds are formed,'*'” other small un-
saturated hydrocarbons have been attached to the Si(100)
substrate.'*'” In the case of aromatic molecules, at low
coverages, experimental and computational studies show
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(a)

Figure 1. (a) A schematic representation of 5-phase polyfluorene.
(b) Structural parameters referred to in the text: (i) the length of
the monomer, (ii) the linking bond length, and (iii) the angle
between monomers.

that they can adsorb intact with the molecular plane parallel to
the surface plane, and distortions of the planar aromatic
molecules occur as Si—C bonds are formed, breaking the
aromaticity of the molecules.'®"** In particular, one of the
stable configurations of pentacene adsorbed on a Si(100)
substrate has its molecular axis parallel to the Si dimer
rows.**~** We propose the adsorption of B-phase polyfluor-
ene with its molecular plane parallel to a silicon dimerrow as a
model system for inducing uniaxial strain in the backbone.
The flexibility permitted in the backbone, resulting from
the C—C bonds linking fluorene units, could potentially
enable bonding over the extent of the polymer. The difference
between the length of the polymer repeat unit and a certain
number of Si dimer spacings can induce tensile strain in the
backbone, but the distribution of strain depends on the
particular alignment with the substrate. Combining our calcu-
lations on isolated molecules and molecular adsorption, we
highlight how strain is distributed through the molecular
backbone, while maintaining conformational order, and the
potential impact this has on molecular optical properties.
The isolated linear f-phase fluorene dodecamer was
strained by elongation and compression along the molecular
axis by incremental adjustment of the distance between
terminal carbon atoms. The overall morphology of the back-
bone does not change under tension, but compression can
result either in a deformation in which the backbone is bent
within or in arches out of the molecular plane, although dihedral
order is maintained between fluorene units (Figure 2). There
are three molecular parameters shown in Figure 1 which
are distorted when the molecule is strained, the lengths of
the C—C bonds linking fluorene units, the lengths of the
fluorene units themselves, and the bond angles between units
which determine the linearity of the molecule. The changes in
bond lengths and the lengths of the monomers fora 3 % strain
are given in Table 1. As the angles do not change appreciably
(< 2°), we do not consider them in our analysis. We determine
that for 3% tensile stretching, the lengths of both the fluorene
monomer and the C—C bond linking monomer units increase.
For bending, the bond linking monomers decrease by 0.01 A,
and the monomer unit is slightly compressed. For arching, the
linking bond does not change, but the length of the fluorene
unit decreases, which is due to arching of the monomer itself as
opposed to a decrease in bond lengths. Therefore, the strain is
distributed over the entire molecule as it is stretched, whereas
in compression, a reduction in the distance between terminal C
atoms does not necessarily result in a uniform decrease of the
bond parameters. In particular, compression leads to a change
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in morphology which does not simply decrease bond lengths.
The energetic cost for deformation, shown in Figure 3a,
increases exponentially as the molecule is stretched, with an
increase of 4.4 eV for 3 % strain, although the energetic cost for
elongation under 1 % is negligible. For the modes of compres-
sion, the energetic cost is the same for both deformations, and
no further change in deformation energy is observed after the
initial morphology adjustment upon increasing strain. There-
fore, whereas tensile stretching elongates the molecule, com-
pression results in a significant change in the backbone
morphology, which can take one of two energetically degen-
erate forms.

The vertical transition energies corresponding to the de-
formed structures (Figure 3b) show that there is a blue shift
for tensile stretching (3%: 0.12 eV), a red shift for compres-
sive bending (3%: 0.02 eV), but a blue shift for compres-
sive arching (3%: 0.07 eV) compared to the unstrained
B-phase dodecamer. The two modes of compression therefore
have shifts in opposite directions, although the form and
extent of the frontier orbitals involved in the transition, which
is the lowest-energy transition and has the greatest oscillator
strength, are not affected by the deformations (Figure 2). For
tensile stretching, the transition energies increase with
increasing strain, which corresponds to a weakening of con-
jugation as the bond lengths increase. For compressive bend-
ing, there is no further shift after the initial deformation, and
the red shift can be understood in terms of stronger interac-
tions as bond lengths are compressed. The transition energy
corresponding to the arching deformation also does not shift
further after the initial morphology change but is blue-shifted
as individual fluorene units are arched, breaking the planarity
of the molecule. As shown in Figure 2, there is no significant
change in the extent of the frontier orbitals involved in the
transition, the oligomers remain in the 5-phase, and shifts are
a result of minor changes in the structural parameters. The
shifts can be qualitatively understood as being caused by a
weakening of the conjugation along the backbone upon
stretching and arching and by a strengthening upon bending.
The effect of uniaxial strain on the vertical transition energies
is therefore determined by the mode of molecular deforma-
tion in response to strain and can be understood in terms of
how changes in the structural parameters affect the strength
of conjugation along the backbone. As the deformation
energies of the two compressed structures are practically
identical, control of the direction of the shift is likely to require
precise external manipulation.

We investigate a model system consisting of a -phase
polyfluorene adsorbed with its axis parallel to the surface
dimer rows of a Si(100) substrate for inducing uniaxial strain.
We combine four monomer units with nine Si surface dimers
in the supercell, so that if adsorption occurs, the polymer
should be extended as the cell containing the nine Si dimers is
1.2 A longer than four molecular monomers. We determine
that the polymer adsorbs intact in our system in an almost
planar configuration lying 2 A above the substrate (Figure 4).
The calculated adsorption energy for the system in the
calculation supercell is —220.23 eV, determined according
t0 Eads. = Erotal — Esurface — Emolecule: We note that although no
instance of hydrogen transfer from the molecule to the
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Figure 2. The strained molecular structures and HOMO (below) and LUMO (above) frontier orbitals of the -phase fluorene dodecamer. The
figure shows deformations for 3% strain, and the arrows indicate the direction of application of strain. The structure of the undistorted
molecule (not shown) is indistinguishable from the stretched molecule. (a) The elongated molecule. (b) The compressed molecule bent in
the plane of the molecule. (c) A side view of the compressed molecule arched out of the plane of the molecule; the frontier orbitals are
shown in the plane from the same perspective as (a) and (b). There is no indication that the distortions have a significant impact on the

extent of the orbitals.

substrate was observed in these calculations, this could
potentially occur in general cases of adsorption. We also note
that this is unlikely to be a unique adsorption configuration
of the polymer on the substrate but demonstrates that the
B-phase polyfluorene could chemisorb intact. Specific binding
occurs between C atoms in the molecule and the Si dimers.
The Si dimers involved in the bonds with the molecule
become unbuckled, which corresponds to their configuration
on the hydrogenated surface.”” There is no relaxation of the Si
dimers in the direction parallel to the surface plane, and there
isnorelaxation in subsurface layers. The molecule is extended
by 3.6 %, and all Si dimers below the molecule are involved in
the bonding. The polymer is not adsorbed symmetrically in
the axes parallel and perpendicular to the dimer rows and,
consequently, is unevenly stretched.
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The Wannier centers of electrons situated between the
substrate and the molecule shown in Figure 4c demonstrate
that covalent bonds are formed between specific C atoms and
the Si substrate, and the Wannier orbitals show their distribu-
tion over the adsorbate and substrate. The binding between
polyfluorene and the Si dimers involves C atoms on opposite
sides of the molecule. There is one fluorene unit which is
symmetrically bound with a configuration that corresponds to
the result of two [4 + 2] cycloaddition reactions. Other than
that, the alignment of the molecule with the substrate inhibits
symmetrical binding of the monomers. Different C atoms in
adjacent six-membered rings are involved in binding, which
are not necessarily directly opposite one another in the
direction perpendicular to the molecular axis. The C atoms
involved in bonding change their hybridization from sp® to
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Table 1. Values of Structural Parameters for Deformed Fluorene
Dodecamers Compared to the Undistorted Ground-State
Geometry*

undeformed 3% stretch 3% bend 3% arch
C—C between 1.47 1.52 1.46 1.47
monomers [A]
length of 7.00 7.20 6.98 6.91

monomer [A]

“The 3% extension results in an increase in both parameters,
whereas compression of the molecules by arching or bending does
not resultin a significant decrease of the linking C—C bond. For bending,
the linking bond is decreased in length, whereas the length of the
monomer remains the same. In the case of arching, the bond linking
monomer units are not compressed, and the reduction in length of the
monomer is indicative of arching of the repeat unit itself.
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Figure 3. (a) The deformation energies associated with morpho-
logy changes upon increasing strain. Positive values for strain
indicate tensile stretching of the molecule, and negative values
indicate compression. The energy associated with stretching
increases rapidly beyond 1% strain, whereas there is little change
upon compression. (b) The vertical transition energies for the
deformed structures in (a). Upon compression, the transition
energy can be red- or blue-shifted depending on the change in
backbone morphology.

sp’, which results in buckling of the fluorene monomers, and
there are still sp® C atoms in the molecule. We note that this
bonding configuration is not exclusive for the molecule, with
conceivable alternatives depending on the extent of relaxa-
tion of the molecule. In our model system, we have enforced
elongation of the molecule through a particular alignment
with the substrate and found that we obtain a stable bonding
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configuration. We find that two of the linking C—C bonds
between fluorene monomers are increased to 1.52 A, but two
of the linking bonds are decreased from 1.47 to 1.43 A. If we
consider an isolated fluorene tetramer corresponding to this
configuration, part of the molecule is compressed and part
extended. The calculated transition energy for this deformed
structure is 2.52 eV, which is red-shifted compared to 2.68 eV
for the planar fluorene dodecamer, which we take to approxi-
mate the polymer. Therefore, although the molecule as a
whole is stretched, localized regions in which compression
occurs and conjugation is strengthened could potentially
dominate its properties.

In conclusion, we have demonstrated that mechanically
induced uniaxial strain in a flexible molecular nanowire can
affect the vertical transition energy, although shifts are sensi-
tive to potential morphology changes and not just the absolute
molecular length. Upon elongation, conjugation along the
backbone is weakened as bond lengths increase, with a blue
shift of the transition energy as expected. Uniaxial compres-
sion, however, results in two distinct but degenerate morpho-
logies. For bending within the molecular plane, compression
of bond lengths leads to a red shift in the transition energy,
and the loss of planarity upon arching of the molecule blue
shifts the transition energy as conjugation is weakened. If we
compare this to the experimental results of ref 6, we propose
that slight bending could occur within and out of the mole-
cular plane without shifting the frequency from that of the
p-phase molecule. The application of uniaxial strain does not
influence a single structural parameter but rather is distri-
buted over bond lengths and angles and can also be stored in
a molecular shape change.

Upon the adsorption of polyfuorene to a Si(100) substrate,
where covalent bonds are formed between the conjugated
molecule and the substrate, w-delocalization along the mole-
cular backbone is disrupted. It is, however, possible for
polyfluorene to adsorb intact with the molecular axis aligned
parallel above the Si dimer rows, demonstrating that this
could be a route for inducing uniaxial strain in the molecule.
This can result in localized stretching or compression of the
molecule, although the molecule is elongated overall, and it is
principally the C—C bonds linking fluorene units which are
extended or shortened. The shortening of the C—Clinking bonds
leads to a red shift in the transition energies in isolated structures,
corresponding to the adsorption configuration. This potentially
entails a greater shift in transition energies than compressing
isolated molecules, which accommodate strain by shape
change, as interactions between monomers are increased and
the nature of the linking bond approaches that of C=C.

The adsorption of conjugated polymers on a Si surface
presents an attractive system for the structural manipulation
of these flexible molecules. This study demonstrates that
manipulation is possible and that the molecule retains its
nanowire characteristics with translational symmetry along
the backbone, but the principal needs to be developed further
if it is to be of practical benefit. Tether substituents could be
employed between the substrate and adsorbate to enable the
application of directional strain while having a lesser impact
on the electronic structure of the molecules. Uniaxial strain in
these molecular nanowires, especially if this can be precisely
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Figure 4. (a) The adsorption configuration of polyfluorene, modeled using four monomer units in a periodically repeating supercell, on the
Si(100) substrate. The supercell is indicated in black. The inset gives a view of the adsorbed molecule looking down the Si dimer rows. (b)
Close-up views of the adsorption configuration including one Si dimer row; above is a view from the top, and below is a view from the side.
The uneven buckling of the polymer can be discerned. (c) The Wannier centers (above), shown by green points, and the Wannier orbitals
associated with the centers located between Si and C atoms (below). The centers indicate that there are directional bonds formed between
the substrate and adsorbate, and the orbitals indicate a hybridization of molecular sr-orbitals with the Si dimers.

controlled, could provide a route for fine-tuning of their
optoelectronic properties.

First-principles density functional theory methods
with the B3LYP exchange-correlation approximation
and a 6-311g(d) basis set within the Gaussian code’® were
used for the isolated oligomer. Strain is induced by incremen-
tally increasing or decreasing the distance between terminal C
atoms in steps ranging between 0.01 and 0.10 A and allowing
all other atomic positions to relax. The vertical transition
energies of these distorted structures are then calculated using
TDDFT using the same basis set. The adsorption configuration
of the fluorenes on a Si(100) slab is determined using the LDA
approximation®' with a plane wave basis set of cutoff 400 eV
in the VASP code.’®*® We use ultrasoft pseudopotentials,®*>?
and the Kohn—Sham wave functions are evaluated at the I"
point of the supercell. We model the substrate with a Si slab
consisting of six atomic layers infinitely repeated in the sur-
face plane, and the bottom layer of the slab is hydrogenated.
We obtain a clean surface structure consisting of buckled Si
dimer rows, in agreement with previous studies.’® We place
polyfluorene 3 A above the surface, and the molecules are
separated from their neighbors by an empty Si dimer row.
There is a minimum vacuum spacing of 10 A between the
molecule and the bottom layer of the slab in the direction
perpendicular to the surface. The atomic positions of the
molecule and top three layers of the substrate are relaxed
until a stable adsorption configuration is obtained. The vertical
transition energies of the distorted tetramer corresponding to
the adsorption configuration are calculated using B3LYP with

26,27
28,29

v © 2010 American Chemical Society

1330

a 6-311g(d) basis set, as that for the isolated dodecamers.
The Wannier orbitals are calculated using the CPMD code.’”
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