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Université Louis Pasteur
8, allée Gaspard Monge, 67000 Strasbourg (France)

Dr. K. Peneva, Prof. K. Müllen
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The electronic transport properties of stacks of perylene-bis(dicarboximide) (PDI) chromophores, covalently fixed to the side

arms of rigid, helical polyisocyanopeptides, are studied using thin-film transistors. In device architectures where the transistor

channel lengths are somewhat greater than the average polymer chain length, carrier mobilities of order 10�3 cm2 V�1 s�1 at 350 K

are found, which are limited by inter-chain transport processes. The influence of p–p interactions on the material properties is

studied by using PDIs with and without bulky substituents in the bay area. In order to attain a deeper understanding of both the

electronic and the electronic-transport properties of these systems, studies of self-assembly on surfaces are combined with

electronic characterization using Kelvin probe force microscopy, and also a theoretical study of electronic coupling. The use of a

rigid polymer backbone as a scaffold to achieve a full control over the position and orientation of functional groups is of general

applicability and interest in the design of building blocks for technologically important functional materials, as well as in more

fundamental studies of chromophoric interactions.
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1. Introduction

Achieving a full control over the chromophore–

chromophore interaction in p-conjugated macromolecular

architectures across multiple length scales is a fundamental

requirement for the tuning of their optical and electronic

properties, and ultimately for their complete exploitation in

opto- and nano-electronics devices.[1–3]

While the bottom-up growth from both solution and vacuum

deposition of highly ordered multi-chromophoric structures

with size in the range 1–10 nm can be achieved by mastering

non-covalent interactions such as p–p stacking, the fabrication

of larger supramolecular structures with inter-chromophoric

interactions at will is more challenging. Such a goal can be

accomplished by utilization of the self-assembly of molecules[4]

or by using pre-patterned surfaces and structures to drive the

order on macroscopic scales.[5,6] However, in this latter case

the controlled organization across multiple length scales

obtained through the modulation of the complex interplay

between short-range intermolecular interactions and long-

range interfacial interaction does not represent an easy task.

A much more viable approach involves the use of molecular

‘‘scaffolding’’, i.e., the exploitation of a hundreds of nan-

ometers long anisotropic nano-object with a pre-programmed

structure, as a backbone to position functional groups in

specific location. Using this strategy the chromophore-

chromophore interaction can be controlled from the sub-

nanometer up to the several hundreds of nanometers scale.

This has paved the way towards the fabrication of organic

based microelectronic devices, such as LEDs,[7,8] field-effect[9]

and light-emitting transistors,[10] flexible displays,[11] and solar

cells,[12–14] with improved performance.
GmbH & Co. KGaA, Weinheim 3947
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In this paper, we have focused on the use of poly-

isocyanodipeptides[15] as scaffolds with which to tailor

interchromophore interactions among perylene dyes cova-

lently linked to the aliphatic side-chains. These polymeric

systems have been synthesized via a nickel catalyzed poly-

merization reaction of isocyanide monomers, as described in

detail elsewhere.[16–18] The polymer chains are ultra-stiff, as

shown by a persistence length as high as 76 nm, and can have a

contour length exceeding 12mm.[19] The side chains of this

polymers can be functionalized with various moieties such as

carboxyl units, thiophene[20] or perylene-bis(dicarboximide)

(PDI),[21,22] thereby offering control of spatial position

over hundreds of nanometers. This approach offers a unique

possibility to study the supramolecular interactions of small

chromophores (perylenes, thiophenes, porphyrins etc.) inter-

acting with each other while they are kept ‘‘in position’’ due to

the presence of the polymeric backbone. The ability to control

the stacking of chromophoric units, such as PDI, appears very

interesting as a way of enhancing charge transfer in pre-

designed channels for photovoltaic device applications; hence,

emulating many of the vectorially directed charge-transport

arrays seen in biological systems.[23]

The overall chemical structure of this kind of system

involves a rigid backbone, a flexible linker, a chromophore and

side alkyl functionalization; these primarily govern the mecha-

nical properties, chromophore–chromophore interaction, opti-

cal/electronic properties and solubility of the architecture,

respectively. Subtle changes in any of these four different

components can lead to a dramatic change in the overall

properties of the system. In particular, it is important to

understand how the bay-area substitution of the perylene side

chromophores can play a role in the ordering and p–p stacking

of these groups, how this stacking will influence the overall

morphology of the material when deposited in thin layers, and
Figure 1. Structure of the three polymers P1, P2 and P3. The amide unit responsible for the
hydrogen bonding that stabilizes the helical structure is encircled. A schematic model of the final,
coiled structure with side perylene units is also shown.
how these different morphologies will

influence both the electronic and the elec-

tronic transport properties of the thin film.

We present a comparative study of three

different poly-isocyanopeptide based poly-

mers, featuring diverse intra- and inter-

molecular interactions (Fig. 1). Polymer P1

consists of a central poly-isocyanide (PIC)

backbone bearing alanine-alanine segment

and a terminal O-Me groups; the synthesis

and characterization of this material has

been previously reported in reference [16].

In polymer P2, perylene-bis(dicarboxi-

mide) side units are attached to the central

backbone. Each PDI is optically active, but

cannot interact by p–p stacking with

adjacent PDIs due to the presence of bulky

phenoxy substituents. Finally, polymer P3

incorporates PDIs without bulky substitu-

ents, where the only functionalization

present is an alkyl side chain, in order to

enhance solubility in organic solvents, thus
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
p-p interactions between different PDIs can take place. When

deposited onto substrates such as graphite, silica or mica, our

previously reported AFM studies revealed that P1 and in

particular P3 form ‘‘supercoils’’, stabilized by strong inter-

molecular or long-range intramolecular interactions.[18] By

contrast, P2 adsorbs on the substrate surface to form isolated

fibers. P3 shows more complex behavior, characterized by

strong intermolecular interactions leading to the formation of

coiled structures and the ubiquitous formation of bundles,

which on mica are so robust that they are resistant to

hydrodynamic shear alignment. A full description of the

synthesis (including NMR and FTIR analysis) and optical

characterization (absorption, fluorescence and circular-dichro-

ism) of materials P2 and P3 can be found in reference [18].

We combine studies of self-assembly on surfaces with

electronic and electrochemical characterization, using Kelvin

Probe Force Microscopy (KFPM) and cyclic voltammetry

(CV), respectively, in order to attain a deeper understanding of

these complex architectures incorporating electronic function-

ality. Such ordered helical arrays also offer an interesting

platform for theoretical studies of fundamental interactions

between chromophores. Combined with our prototypical thin-

film transistor (TFT) device characterization, we therefore

explore the potential for the use of such multichromophoric

structures (and subsequent ‘‘next generation’’ materials) in

technologically relevant applications, such as opto- and nano-

electronics.
2. Characterization of Electronic Properties

In order to compare the electronic properties (work-

function, charge carrier type and mobility) of the three

molecules under study, both macroscopic and microscopic
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3947–3955
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characterization was performed, using thin-film transistors

(TFTs) and Kelvin Probe Force Microscopy (KPFM). These

studies also enable us to examine more extrinsic device issues,

such as contact-resistance and charge injection.

TFT studies were carried out using substrates consisting of a

�300nm thick buffer layer of SiOx on top of heavily-doped Si,

acting as the gate contact (Fig. 2 inset). Top source and drain

Au electrodes, with a thickness of 30 nm, were patterned using

standard photolithography techniques. Channel lengths (L) of

between 2–20mm were investigated and the devices were

designed with inter-digitated electrodes, giving long device

widths (W) of 10,000mm and device capacitances of �11 nF

cm�2. The prepared patterned substrates were treated with O2

plasma, thus removing any residual adsorbates, then with

hexamethyldisilizane (HMDS) in order to promote hydro-

phobic wetting, if required. Thin films (�50 nm) of the

3 materials were spin-coated on top of the substrates from

chloroform or p-xylene solution (�1 mg ml�1), giving a

bottom-gate transistor architecture. AFM studies showed

favorable substrate wetting properties (Fig. 2 inset): bundles

of single fibers have been observed on the SiOx surface and the

contacting between the electrodes and the material deposited

within the channel seems suitable for a good charge injection at

the interface.
Figure 2. The top inset shows a schematic of the TFT device architecture.
Channel lengths (L) of between 2-20mmwere investigated and the devices
were designed with inter-digitated electrodes, giving long device widths
(W) of 10,000mm and device capacitances of�11nF/cm2. The main figure
shows transfer characteristics of TFTs of P1, P2 and P3, as indicated, with a
source-drain bias of 20Vand L¼ 2mm in each case. The gate-voltage sweep
direction was from �50V to þ50V and then back to –50V, as indicated by
the arrows. The lower inset shows a representative AFM image of a network
of P3 deposited into a transistor channel of length�2mm. The raised areas
toward the edge of the image show where the material is deposited
between electrode and channel. The micrograph has an area of 2mm x
2mm and the height scale (0–20 nm) is also shown.

Adv. Funct. Mater. 2008, 18, 3947–3955 � 2008 WILEY-VCH Verl
When tested as the active layer of a transistor, measure-

ments showed a clear difference between P1, which had no

polyaromatic groups able to give charge hopping, and P2, P3,

which showed a much better transconductance (Fig. 2). P1 did

not show any semiconducting properties (no working transistor

was obtained), P2 gave working transistors, but with very

low n-type mobilities, while P3, as expected, gave the best

results, with linear-regime mobilities of between 10�6 and

10�5 cm2 V�1 s�1. The electron injection properties of the

source and drain Au electrodes could be significantly improved

by surface treatment with a chemisorbed alkanethiol self-

assembled monolayer (SAM). Previous studies have shown

thiol-based SAMs to raise the effective workfunction of Au by

up to 1.0 eV.[24] This approach gave a best linear-regime

mobility value (for P3) in the order of 10�4 cm2 V�1 s�1, an on-

off ratio of �105 and a sub-threshold swing of �5 V per decade,

at room temperature (Fig. 3). Not surprisingly, we find carrier

mobilities which are intermediate in magnitude between the

cases of amorphous spin-coated films of perylene and single-

crystal perylene transistors.[25] Kelvin Probe Force Microscopy

(KPFM) of working TFTs, operating above the gate-threshold

bias, provided further important information about device

function.[26] In the case of P3, it was found that there was no

significant interfacial charging at the electrodes, which would

indicate that any residual device hysteresis is due to charge

trapping in the bulk and/or at the substrate surface. Such a
Figure 3. Room temperature transfer characteristics for a TFT (L¼ 2mm)
of P3, where the Au electrodes had been pre-treated with a thiol-SAM. The
source-drain bias was varied from 5 to 35V, as indicated at the right-hand
side of each transfer curve and the measured gate switch-on voltage was
þ24V. The gate-voltage sweep direction was from�50V toþ100Vand then
back to �50V, as indicated by the arrows. The inset shows the gated
resistance (dVsource-drain/dIsource-drain) of P3 TFTs vs. device channel length
(in mm), as measured at a gate voltage ofþ100Vat room temperature. The
‘‘as prepared’’ device (blue) is compared to the behavior after annealing
under N2 for 1 hr at 150 8C (red). This illustrates a reduction in overall film
resistance, but little change in the contact resistance, whichmay be inferred
from the value of resistance taken at the y-intercept (L¼ 0).

ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 3949



F
U
L
L
P
A
P
E
R

C. E. Finlayson et al. / Electronic transport in poly-isocyanopeptide arrays

Figure 4. logarithmic plot of linear-regime mobility as a function of
reciprocal temperature for P3 TFTs (the cycle was down from 360K to
210K [black crosses], then back up from 210K to 360K [red crosses]) and
also for P2 TFTs (blue circles). The lines of best-fit assume a simple
Arrhenius behaviour, yielding low temperature activation energies of
e�200 meV in the case of P3 and e�100 meV for P2.

3950
limitation is commonly observed in n-type bottom-gate organic

FETs.[27]

In order to appreciate the limitations of device performance

due to contact resistance at the electrodes, the gated resistance

R was plotted as function of the device channel length (L) for

SAM-treated TFTs of P3 (Fig. 3 inset). R is calculated using a

graphical method (dV/dI)source-drain from the device output

curves, for when Vgate ¼þ100 V and hence devices are

operating well above switch-on threshold, at room tempera-

ture. We expect R to be related to the contact resistance R0 and

film resistance Rf by the simple expression:

RðLÞ ¼ R0 þ RfðLÞ (1)

Hence, the film resistance is proportional to the channel

length and the contact resistance may be estimated from a

linear fit of R(L). The contact resistances were extrapolated

both for devices annealed at 150 8C under N2 for 1 h, and for

corresponding unannealed devices. The annealing process is

observed to lead to a reduction in overall film resistivity; the

gated resistance of the films is related to the slope of these R(L)

plots by Ohm’s law, assuming the accumulation layer for

charge transport as being contained entirely within the thin

film of the material. However, there is little change in the

contact resistance, with a value of around 5 MV being obtained

in both cases. We can compare this with previous studies of

contact resistance in bottom-gate TFTs based on high-mobility

polythiophenes,[28] where values in the range of 10 kV to

10 MV are reported for devices of similar overall channel

width and architecture. Overall, our calculations show that the

effects of contact resistance reduce the measured mobilities in

these devices by a factor of around 2–3. Consideration of

contact resistances is likely to be critical in the application of

such rigid-peptide structures in ‘‘single-strand’’ device config-

urations[29] and work to address these issues is currently in

progress.

In the ‘‘multi-chromophoric’’ systems being studied, we

expect that there are two main mechanisms by which charge

can be transported; along the backbone (intra-chain) and by

hopping to adjacent molecules (inter-chain). In order to better

understand the relative contributions of these two processes,

carrier mobility as a function of temperature was studied, and

significant differences were observed in the Arrhenius plots of

n-type field-effect mobility for the P2 and P3 materials (Fig. 4).

Prior to measurement, devices were placed under vacuum in a

liquid-nitrogen cooled cryostat, heated to 360 K and held at this

temperature for 30 minutes to ensure stabilization of any

effects due to annealing. Device characteristics were then

measured as a function of temperature, with a temperature

sweep rate of approximately 1 K min�1. In the case of P3, two

distinct regimes of temperature dependence are observed, with

a low temperature activation energy of �200 meV; at high T, a

rapid increase in mobility with temperature is observed (�2

orders of magnitude between room temperature and

T¼ 360 K), but with some hysteresis between the upward
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
and downward sweep. By contrast, in the case of P2, only a

single non-hysteretic activation process with a characteristic

energy of around 100 meV could be observed. We note that the

low temperature values of activation energy are comparable

with previous studies of PDI-based transistors,[30] albeit in a

situation of somewhat lower device mobilities. The invariance

of contact resistance with respect to annealing in TFTs of P3, as

described above, indicates that the variations in mobility at

high T are unlikely to be due to changes in the metal/organic

interface at the electrodes. Qualitatively, the temperature

dependence in the mobility of P3 is broadly consistent with

variable-range transport phenomena,[31] where long-range

tunneling over small energy barriers (intra-chain) predomi-

nates at low temperature, whereas activated hopping over

larger energy barriers (inter-chain) is significant at higher

temperatures. We speculate that the hysteresis may be due to

the partial unwinding and rewinding of the polyisocyanide

helix with temperature,[18] leading to some small changes in

the conformal arrangement of adjacent chains. A measured

mobility of order 10�3 cm2 V�1 s�1 is reached at 360 K, which

indicates that the mobilities for purely intra-chain transport

will be significantly larger than those in the present case where

inter-chain hopping is a limiting factor.

We have also prepared P3 in sparse random networks, by

very careful control of the substrate wetting conditions and

deposition parameters, rather than in continuous films (Fig. 2

inset). Due to ‘‘bias-stress’’ effects,[32] the device character-

istics show an extreme sub-linearity in transfer, as large gating

fields are applied to a network of P3, which is somewhat thinner

than the usual accumulation layer in the TFT device. Work is

currently in progress to produce very short-channel TFT

substrates[33] where the channel length is comparable to the

average P3 strand length (�400 nm); the reduced dimension-

ality of these devices should help to eliminate bias-stress effects

and also allow direct measurement of intra-chain transport.
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3947–3955
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Figure 6. a) WF of the three molecules, as measured on thick and thin layers on SiOx, and on thin
layers on graphite. At low thicknesses, the differences between themolecules are less pronounced.
b,c,d) AFM images of thick layers of P1, P2, P3. Z-ranges are 7, 5, 8 nm respectively.
In terms of the difference in behavior

between the two materials P2 and P3, we

consider this can be due to factors such as

differences in morphology and in the

electronic structure (HOMO–LUMO gap)

at the supramolecular level. By analyzing

the morphologies in thin layers (Fig. 5), we

can see that the morphology of the two

molecules follows what has already been

observed on different substrates at lower

concentrations. The P3 layer shown in

Figure 5a is composed of a continuous

network, where single polymeric fibers are

bundled together and have a very good

contact with each other. The morphology of

P2 in Figure 5b is very different, giving a

layer of rounded ‘‘brush-like’’ agglomerates.

The different self-assembly behavior of P2

with respect to P3 and its shorter chain

length, will thus give a much worse inter-

molecular contact, which can explain the

differences in charge transport observed.

For completeness, AFM images of thick
layers of P1, P2, P3 are shown in Figure 6b–d. Another

explanation can be due to the different ability of the gold

electrodes to inject charges (electrons, in the case of perylene)

into the active layer. In order to better understand the charge-

injection properties at the Au-electrode/P3 interface, cyclic

voltammetry (CV) measurements were taken on thin-films of

P3, using standard methods and conditions,[34] giving a HOMO

value of �6.06eV, and a LUMO of �3.99eV. These values are

some 0.2 eV lower than those reported for the perylene

monomers having similar side functionalization.[35,36] When we

consider that the workfunction of Au is usually in the range of

�4.7eV to �5.1eV, it may be seen that a significant barrier to

majority carrier (electrons) injection exists in the TFTs and

these results give strong corroboration for the crucial role the

SAM treatment plays in device function.

Unfortunately, CV data were not obtained for polymer P2,

due to the limited solubility of this material in the solvent

(acetonitrile) used in our voltammetry cell. However, KPFM

measurements performed on thick layers (Fig. 6) showed that

P2 has a much lower WF with respect to P3, with a difference
Figure 5. AFM micrographs of continuous, thin layers of a) P3 and b) P2,
spin-coated on SiOx.

Adv. Funct. Mater. 2008, 18, 3947–3955 � 2008 WILEY-VCH Verl
of 337 mV. A similar difference was obtained from CV

measurements on perylene monomers with and without

phenoxy substitutents,[36] and is due to the electron-donating

character of phenoxy groups for the central perylene core. This

is likely to result in adverse charge injection conditions at the

electrode/P2 interface. The WF values of the three molecules

have been measured on different layer thickness and on

different substrates. The morphology of thick layers as

measured by AFM (Fig. 6b–d) shows the presence of well

defined fibrillar structures observed for P3, and a more

isotropic layer observed for P2. The same morphology is

observed on ultra-thin layers, where single fiber bundles can be

resolved for P3 (Fig. 7), while rounded, isolated objects are

observed for P2 (not shown). In order to obtain quantitative

measurements on ultra thin layers, where the material covers

only partially the substrate, we used a recently developed

deconvolution procedure,[37] which allows us to eliminate the

effect of lateral broadening due to the finite AFM tip size.

Upon decreasing the layer thickness, we observe that the WF

differences between the three molecules become less evident,

but the same trend observed on thick layers is maintained, both

on SiOx and graphite substrates (Fig. 6a).

3. Modeling of Charge Transport

Perylene diimide (PDI) molecules have been widely studied

as electron transporting units,[38] and the substituted poly-

isocyanide structures under consideration offer an interesting

platform for theoretical studies of fundamental interactions

between chromophores. In a hopping regime, the charge

carrier mobility scales with the square of the transfer integrals,

t?, between neighboring chromophores, which are very
ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 3951
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Figure 7. a) Topography and b) KPFM image of an ultra-thin layer of P3
molecules on SiOx.

3952
sensitive to overlap between the LUMO (for electron

transport) wavefunctions and hence to the organization at

the supramolecular level.[39–41]

In our simulations, the PDI chromophores (as in polymer

P3) are linked to the helical polyisocyanide backbone via a

short saturated spacer that was submitted to a conformational

search performed at the Dreiding force-field level.[42] Based on

the local minima found for the relevant torsions, all possible

helical stacks were constructed, among which the most realistic

conformations based on simple steric arguments were selected

for further investigations. The values of the torsion angles

defining the conformation of the spacer and their combination

have a considerable impact on the relative arrangement of the

chromophores in the resulting 3D structures. Geometric

optimizations were performed on systems of increasing

complexity and converged to the identification of three local

minima on the potential energy surface. To avoid finite size

effects along the polymer direction, we then built periodic

boxes out of these three structures that were subjected to

further structural refinements. These helices, hereafter

referred to as h1, h2, and h3, differ by the relative orientation
Figure 8. INDO electron (LUMO) transfer integrals for helices h1, h2 and h3 calculated before
(y¼ 1–4) and after (y¼ 5–8) the molecular dynamics simulation, and schematic representations
of the corresponding geometries of the P3 molecule used for these simulations.
of the PDI chromophores with respect to the

main axis of the polyisocyanide backbone

(Fig. 8). In h1 the PDI are oriented with their

long axis forming an angle of �608 with the

helical direction; this is an open structure that

shows the lowest density among the three

helical arrangements. In contrast, h3 presents

a much more compact, pine tree like

structure with the PDI chromophores lying

almost down on the helical core (the average

angle between the PDI main axis and the

helix direction is 268). A similarly dense

structure is achieved in h2 compared to h3,

although (in contrast to h1) the chromo-

phores are maintained in an orthogonal

orientation (average angle of 948) with

respect to the helical growth direction. From

an energetic point of view, the potential

energies calculated for these local minima

indicate that h3 is the most stable (mostly

because of attractive Van der Waals inter-

actions), followed by h2 and h1.
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
The absolute values of the INDO[43] transfer integrals

computed for all possible nearest neighbor pairs in the 4 stacks

of each helical conformation are shown on Figure 8 for the

three structures (h1, h2, and h3); the corresponding averaged

values are reported in Table 1. At 0K, h1 features a high

amount of structural order as clearly illustrated from the

almost constant t?, values across the whole stack. However,

molecular dynamics (MD) simulations at room temperature

lead to considerable structural disorder, which translates into a

broader distribution of transfer integrals along the helical

structures. h2 and h3 also display significant fluctuations in the

electronic couplings around an average value of �350 cm�1.

Compared to single crystals of small molecules such as the

oligoacenes,[44] this is a significant value that should allow for

efficient intramolecular electron transport along the polymer

direction. The sizeable transfer integrals, despite the unfavor-

able rotation angle (vide infra), arise from the close packing of

the PDI units.

The systems investigated here present an additional

interesting feature. The conformation of the central poly-

isocyanide backbone is such that all the carbonyl moieities

participating to the H-bonding network align along the same

direction. This can be better appreciated from Figure 9a

showing the ground-state charge distribution, as computed at

the INDO level, for a representative stack. As a result, the

chromophores in the helical structures experience a local

intramolecular electric field that promotes the formation of a

step-like electronic structure, Figure 9b. Thus, these systems

should be characterized by interesting rectification properties,

since charge motion would occur with different rates along or

opposite to the internal field. More work is in progress to study

such effects, both theoretically and experimentally. Note also

that the presence of the field induces an almost complete

localization of the molecular orbitals on individual PDI
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3947–3955
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Table 1. Average values and standard deviations of the INDO electron
transfer integrals calculated for nearest neighbours in helical structures h1,
h2 and h3 a) before and b) after a molecular dynamics simulation.

(a) Transfer Integral, t? (cm�1) (b) Transfer Integral, t? (cm�1)

ht?i ht2?i � ht?i2
h i1=2 ht?i ht2?i � ht?i2

h i1=2

h1 110 21 h1 196 203

h2 319 161 h2 344 213

h3 376 152 h3 354 202
molecules (because of the resulting energetic disorder), so that

a hopping mechanism is at play as anticipated above.

It is of interest to study in more depth the influence of the

relative orientation of the chromophores on the electronic

coupling values. For this purpose, we have performed a

systematic study of the (LUMO) transfer integral in a PDI

cofacial dimer with an intermolecular separation of 3.5 Å

(consistent with the Dreiding results) along the packing axis Z.

A 2D grid has been built by translating one molecule in the XY

plane with respect to the second PDI dye. Displacements along

axes X and Y (corresponding to the PDI short and long axes,

respectively) spanning a range from 0 Å to 5Å with a 0.1Å step

have been considered. The calculations were performed for

four different values of the rotation angles between the two

PDI main axes (f¼ 08, 108, 208, and 308). For the sake of

illustration, the electron transfer integrals computed at the

INDO level for all possible dimers generated with rotation

angles of 08 and 208 are reported as contour plots in Figure 10a.

Large variations of t? over one to two orders of magnitude are

found in the explored range of displacements, which results

from the high sensitivity of electronic interactions with the

relative spatial positioning of the chromophores and can be

traced back to the overlap between the molecular (LUMO)

wavefunctions. Of particular interest is the dramatic decrease

in transfer integral with rotation angle (Fig. 10b); For

superimposed molecules (no translation in the XY plane), t?
Figure 9. a) Top view of the polyisocyanide core showing the INDO ground-sta
White arrows represent local dipoles associated with the C¼ 0 moieities. b)
unoccupied molecular orbital (LUMO) computed for helix h1 at the INDO
localization along the helical axis

Adv. Funct. Mater. 2008, 18, 3947–3955 � 2008 WILEY-VCH Verl
surges from a few hundred wavenumbers in the case f¼ 208
(which is the typical value encountered in the structures

generated from the Dreiding MD simulations) to a few

thousands wavenumbers for f¼ 08. Clearly, molecular design

rules leading to supramolecular structures with a reduced

rotation angle between the electron transport units should be

explored for the achievement of molecular wires with

improved charge carrier mobilities; these are currently being

investigated.
4. Conclusion

The electrical and electronic-transport properties of three

different helical multichromophoric arrays have been tested in

a comparative study. When polyisocyanopeptides are functio-

nalized with perylene units which are able to interact with each

other by p–p stacking (molecule P3), favorable changes in the

polymer structure and electronic properties are observed both

in solution and on substrates. In general, the p–p interactions

are responsible for stronger intermolecular interactions,

producing formations of continuous networks of bundles on

surfaces and efficient charge transport in thin-film transistors,

as demonstrating by comparison with a reference molecule

in which the p–p interactions are suppressed due to steric

hindrance. The P3 molecule exhibits both fiber formation

and n-type electroactivity, with carrier mobilities of order 10–

�3 cm2 V�1 s�1 at 350 K, which are limited by inter-chain

transport processes. Issues such as contact-resistance and

charge injection, represent interesting challenges in terms of

future device optimization. The WF measurements obtained

by KPFM are in satisfactory agreement with previous

measurements and with the electrochemical measurements

of HOMO and LUMO levels from cyclic voltammetry.

Polymer P3 showed a much higher WF than either the

polymer without perylenes or the polymer with phenoxy

substituents in the perylenes.
te charge distribution.
Energy of the lowest
level as a function of

ag GmbH & Co. KGaA, Wein
The overall approach of attaching

individual chromophores to a well

defined polymeric scaffold to study their

properties and interactions in a situation

of reduced degrees of freedom can be

applied to the study of many different

kinds of small chromophores and pre-

sents new ways in which interacting

chromophores may be arranged and

orientated, due to the presence of the

macromolecular ‘‘scaffolding’’ of the

backbone. Theoretical modeling of chro-

mophoric interactions in such a helical

system confirms the efficiency with which

charges may be transported along such

structures, as well as suggesting more

novel properties, such as rectification due

to the internal dipole of the molecule.
heim www.afm-journal.de 3953
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Figure 10. a) Contour plots of the INDO electron transfer integrals for model dimers constructed by translating in-plane the top molecule with respect to
the bottom one, with an intermolecular separation of 3.5Å and rotation angles along the packing direction of 08 and 208. b) INDO electron transfer integral
as a function of the rotation angle between two superimposed chromophores.

3954
Together with the ubiquitous nature of the chemical synthesis

techniques employed, these studies point towards the further

development of innovative supramolecular materials with

precisely tailored functionalization[45] (e.g., heterogeneous

chromophoric arrays and donor/acceptor dyad arrays) for

optoelectronics applications, such as in photovoltaics.[46]
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