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Optical Properties and Electronic States in Anisotropic

Conjugated Polymers: Intra- and Interchain Effects

Davide Comoretto, V. Morandi, M. Galli, F. Marabelli, and C. SociQ1

18.1

Introduction

In recent years, the implementation of organic semiconductors as active materials

has led to the development of a new class of optoelectronic devices [1]. This wasmade

possible by advancements in both synthesis of novelmaterials and experimental tools

to investigate their properties. After the discovery of a dramatic variation of the

conductivity of trans-polyacetylene upondoping [2], the synthesis of polymers such as

polythiophenes, poly(p-phenylenes), poly(p-phenylene vinylenes), polyfluorenes, and

their derivatives and copolymers possessing functional side groups has driven the

flourishing of cost-effective organic light-emitting diodes (OLEDs), field-effect

transistors (OFETs), photovoltaic cells (PVs), and sensors. On the other hand, the

improved processability of conjugated polymers with high photo- and electrolumi-

nescence quantum yields has also enabled studying the complicated interplay of

electron–phonon coupling and electron correlation in organic semiconductors. At

present, the control of the supramolecular structure of polymeric macromolecules is

an important research issue. While the nature of primary photoexcitation in

conjugated polymers was initially discussed in the framework of isolated chains,

it is now accepted that intermolecular interactionsmust be considered to understand

in detail the electronic excited states of these systems. In spite of the rushing

development of the field, many issues related to intermolecular interactions are

still unclear, for instance, their influence on carrier photogeneration and carrier

transport (mobility and lifetime), which are two crucial issues to the operation of

OFETs and OPVs [3–6].

From the chemical point of view, intermolecular interactions control the supra-

molecular structure of molecular systems through noncovalent or secondary bonds,

resulting in a variety of possible structures that range from simple molecular

dimers to single crystals, J-aggregates, or mesophases [7–10]. Moreover, even in the

amorphous phase or in solutions, conjugated polymers might be affected by the

specific packing of their skeleton induced by thermal treatment and solution

processing [6, 11–14].
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The randomcoil conformation ofmacromolecules hinders the intrinsic anisotropy

of p-electronic states. In spin-coated and drop-cast films, the preferential alignment

of the polymer chains in the plane of the substrate often results in slight uniaxiality

and optical anisotropy, with the ordinary refractive index lying in the plane of the

substrate and the extraordinary refractive index lying perpendicularly [15–17].

However, large anisotropy is observable only in highly oriented materials, in which

the macromolecules are chain extended and aligned, such as freestanding films

oriented by tensile drawing [18]. In such oriented samples, themechanical, electrical,

and optical properties become more and more anisotropic as the degree of chain

alignment and chain extension is increased [19–22].

In the following, we will review some recent studies on highly oriented PPV films.

PPV and its substituted soluble derivatives are among the most widely studied

conjugated polymers as they show both good photoluminescence and charge

transport properties [23, 24]. Moreover, the availability of high-quality, well-oriented

PPV samples [25–27] enabled to clarify some fundamental issues such as the

assignment of the polarized optical transitions and the determination of the

anisotropic dielectric functions [15, 16, 28–30]. This knowledge is essential to

eliminate spurious effects in spectra obtained with nonconventional polarized

spectroscopies, which may directly probe intra- and intermolecular interactions.

The effects of intermolecular interactions on the electronic properties of conjugated

polymers can be directly investigated with optical spectroscopies under hydrostatic

pressure. Through the use of advanced opticalmodels and polarized spectroscopy on

oriented samples, the anisotropy of the electronic structure can be addressed [31, 32].

Despite the pioneering studies in the high-pressure field conducted in the 1980swith

unoriented polymers and oligomers [33–37], a large amount of studies have recently

focused on the optical, structural, conformational, and transport properties of

oligomer and polymer single crystals under pressure [38–54].

Given the importance of polymer orientation to access the intrinsic anisotropy of

the electronic properties, wewill discuss this topic in Section 18.2. In Section 18.3, we

will disentangle intrachain from interchain properties: while the former are pri-

marily affected by conjugation length and chemical substitution, the latter are

controlled by the supramolecular structure. In Section 18.4, we will report on

polarized photoluminescence spectra, which show evidence of both intra- and

interchain effects. The latter are ultimately probed by optical spectroscopy under

hydrostatic pressure adopted to modulate the intermolecular distances and thus

directly tune the strength of interchain interactions.

18.2

Polymer Properties and Orientation

Conventional plastic materials are electrical insulators. This is due to the presence

of saturated s-bonds between sp3 hybridized carbon atoms in the polymer backbone.

In insulating polymers, electronic transitions occur only for photon energies

above 7 eV [55]. On the other hand, the sp2 hybridization of the carbon atoms in
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polyconjugated systems creates an alternation of single and double bonds that lowers

the transition energies to values typical of semiconductors (1.5–4 eV). For few

conjugated polymers, that is, polydiacetylene and polyline derivatives, sp hybridiza-

tion gives rise to a CC triple bonds.

Thedifferencesbetweenconjugatedandnonconjugatedpolymersarerelatedtoboth

the electronic and macromolecular properties. Nonconjugated polymers are usually

constituted by a large number of repeating units and are very flexible, thus easily

processable frommelt or solution.Conversely, conjugatedpolymers are stiff due to the

presenceofdelocalizedp-electrons,whichreducetwistingaroundtheC�Cbonds,and

are also responsible for the semiconducting properties. Conjugated polymers are

usually not soluble or processable without adding proper side chains or dopants.

Moreover, the total chain lengthandmolecularweightdistribution, characteristics that

conferplasticproperties, stronglydependon thesynthetic route [56–59].p-Electrons in

conjugated polymers are rarely delocalized along the whole macromolecule, as the

presenceofchaintwisting,branching,anddefectsreducesthedelocalizationtodiscrete

molecular segments whose extension is called conjugation length (LC). Conjugated

segments having different LC coexist within the same macromolecule, and each

segment canbemodeledas amodified infinite quantumwellwhoseabsorptionenergy

is a function of 1/LC [60–63]. LC values and their distribution are strongly related to

disorder, which determines the inhomogeneous broadening of electronic transitions

and Raman modes. In amorphous or disordered polymers, inhomogeneous broad-

eningsmearsout thevibronicprogressionof thepureelectronic transitions [60,64,65].

Photoexcitation processes are also affected by disorder: the distribution of LC affects

energymigrationasprobedbysite-selectivefluorescence [66],while residual catalyst or

oxygen might affect charge generation [67–70] or exciton migration [66]. In addition,

macromolecular aggregation and supramolecular structure are affected by chain

conformation, and increase for flat rod-like macromolecules and reduce for coil-like

ones. Finally, additional synthetic issues such as regioregularity [14, 59, 71, 72],

isomerization [73], phase transitions [74], and polymorphism [75] also affect the

supramolecular structure. All these considerations point out theneed for high-quality,

ordered materials to understand the role of intermolecular interactions and, as a

consequence, the photophysics of polymer systems.

Polarizability ofp-electrons is extremely high along the polymer backbone, but it is

orders of magnitude lower in the perpendicular direction. Unfortunately, the

synthesis of conjugated polymers yields samples with randomly distributed macro-

molecules, in which the intrinsic anisotropy of the electronic properties is obscured.

Consequently, oriented samples would be expected to display a strong anisotropy of

the electronic and optical responses. Nevertheless, in some polymers, high-energy

parallel and perpendicularly polarized optical transitions may have comparable

intensities due to the specific orbitals involved [25–28, 76]. In addition, even weak

interchain interactions could provide some extent of intermolecular polarization.

Therefore, the identification of all these contributions is often not trivial and is

further complicated by the fact that intermolecular effects could be easily masked by

chain misalignment, which projects the large oscillator strength of the optical

transitions polarized along the backbone into different directions [77].
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Orientation of conjugated polymers is a demanding task for which several

approaches have been attempted. The simpler method consists in the growth of

single crystals [78–83], similar to what is actively pursued with small molecules to

obtain large carrier mobilities for OFETs [84]. Unfortunately, single crystals of

conjugated polymers are available only for few selected polydiacetylenes(PDAs) due

to their peculiar polymerization mechanism [85]. Optical measurements on PDAs

single crystals show a very high degree of anisotropy [86]. Recently, this polymer-

izationmechanismhas been refined to obtain isolatedPDAchains embedded in their

monomer single crystal with anisotropy of the p–p� transition exceeding 50. These

samples allowed the study of the single polymeric chain intrinsic anisotropy and

novel optical effects [86–90].

A different approach to prepare oriented conjugated polymers consists in using

vacuum evaporation on suitable substrates to induce epitaxy of the molecule to be

oriented. For PDAs and oligothiophenes, very interesting results have been obtained

on potassium acid phthalate single-crystal substrates [91–95]. Good orientation can

also be achieved covering the substrate with a preoriented friction-transferred film of

Teflon [96, 97]. This technique provides high-absorption dichroism (i.e., high

orientation), but is applicable only to small molecules since the evaporation process

is unsuitable for polymers with large molar mass. Despite the promising results

obtained for PDAs, the above-mentioned orientation techniques are not applicable to

the other families of conjugated polymers, for which different methods have been

employed, such as Langmuir–Blodgett technique [98] and shearing in solutions [99,

100], in liquid crystal solutions [101, 102], or by directional solidification [103].

However, the degree of orientation achievable by these methods is often relatively

poor and unsuitable for a detailed investigation of the anisotropic electronic

properties.

A technique suitable to orient several polymer families is rubbing [104–106].

Rubbed substrates have also been successfully used to promote orientation of

conjugated polymers cast over them. With this method, improved carrier mobility

in liquid crystalline poly(9,9-di-n-octylfluorene-altbenzothiadiazole) (F8BT)-based

FET have been obtained [84, 107]. Rubbing has also been directly applied to the

emitting layer of OLEDs to achieve polarized emission [108–110]. Despite the

technological interest raised by these remarkable results, the degree of anisotropy

achieved is still insufficient for detailed fundamental studies on the anisotropic

electronic or optical response, due to the presence of a large amount of misaligned

polymeric chains [111, 112]. Relevant improvements of the orientation have been

reported bymatching the interaction between few families ofmolecules (diacetylenes

and phenylene ethynylene) and the substrate by combining rubbing with the

evaporation on preoriented Teflon layers [113].

Amethod yielding good orientation to almost every class of conjugated polymers is

tensile drawing (stretching). When applied to insoluble conjugated polymers, tensile

drawing provides good results, as in the case of Shirakawa�s polyacetylene [77]. A

better degree of orientation is achieved for nonconjugated polymer precursors, which

can be converted after orientation, such as for Durham–Graz polyacetylene [114] or

for PPV sulfonium precursor [115, 116]. In this case, conversion to the conjugated

570j 18 Optical Properties and Electronic States in Anisotropic Conjugated Polymers



form in suitable conditions allows retaining optimal polymer orientation [28, 31, 32,

76, 117–121]. Soluble conjugated polymers can optionally be blended in a hostmatrix,

such as ultrahigh molecular weight polyethylene (UHMW-PE), before stretching.

The orientation of the matrix induces orientation of the conjugated polymer guest

and large dichroic ratios can be achieved [122–124]. The main drawback of this

technique for optical studies is light scattering caused by the matrix in the blue and

ultraviolet spectral regions [122–124]. One way to overcome this limitation is to coat

the films with decane (a PE oligomer) to smoothen the corrugation induced by

stretching. Refractive indexmatching reduces light scattering and allows the study of

the optical anisotropy even in the UV spectral region [25–27].

18.3

Intrachain Effects

PPV freestanding films oriented by precursor tensile drawing (elongation ratio

4–5) [115, 125, 126] have proven to be an excellent system for modeling the

anisotropic optical properties of highly oriented conjugated polymers. The large

degree of ordering achieved in these samples has been confirmed by structural

studies revealing the presence of crystallites packed in a herringbone pattern

surrounded by amorphous regions [127, 128]. Figure 18.1 shows the polarized

reflectance (R) and transmittance (T) spectra of stretch-oriented, freestanding PPV

films over a wide spectral range. Note that hereafter the light polarization is referred

to the orientation direction of themacromolecules [115, 116]. The orientation process

induces a very large anisotropy of the optical response. Moreover, this system is very
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well ordered as indicated by the resolved vibronic progressions observed for parallel

polarization, which contrasts with usual PPV data, where the distribution of

conjugation lengths smears out these fine structures [56, 60, 67, 105, 129]. The

large degree of orientation is also confirmed by vibrational modes anisotropy in the

medium infrared spectral region. The presence in all spectra of anisotropic inter-

ference fringe patterns due to Fabry–Perot multiple reflections at the surfaces

highlights the optical quality of oriented films and again its optical anisotropy.

Unfortunately, the interference pattern hampers a detailed identification of infrared

vibrations [130–133], although no signature of carbonyl groups is detected even after

several months of exposure to laboratory conditions, confirming the chemical

stability of these samples and then their reliability for photophysical studies.

The assignment of electronic transitions observed in the absorption spectra of PPV

and its derivatives has been long debated, partly due to limitations of the early

theoretical models and the lack of high-quality samples that allowed accessing the

intrinsic anisotropy of the electronic properties as well as of the dielectric func-

tions [134, 135]. The availability of polarized optical spectra of highly oriented

PPV [28, 31, 32, 76, 117–121] and its soluble derivatives [25, 26] provided a deeper

insight into the nature of the optical transitions and was used to validate theoretical

models [29, 105, 136–152]. Four main transitions are visible in Figure 18.1. For the

parallel component, a strong signal associated with the p–p� purely electronic

transition of the lowest absorption band is observed at 2.48 eV (peak I), followed

by a well-resolved vibronic progression with peaks at 2.70 and 2.95 eV and by a

shoulder at 3.10 eV. Note that in unoriented PPV films, the p–p� transition is found

around 3 eVand depending on the synthetic route used [56], the shape of the vibronic

progression is usually inhomogeneously broadened [60, 129, 153, 154] due to a broad

LCdistribution; this is not the case of highly oriented PPVsamples. The change in the

slope of the spectrum around 3.76 eV indicates the presence of an additional

transition (peak II). On the high-energy side of the spectrum, a low-intensity peak

is observed at 4.71 eV accompanied by a shoulder at 4.56 eV (peak III). The lowest

optical transition and its vibronic satellites cannot be detected in the perpendicular

component of the reflectance spectrum. This implies that the polymer chains are very

well oriented and misalignment is negligible. For the perpendicular component, a

peak is observed at 4.47 eV (peak III). A fourth transition whose polarization is not

well defined is observed at 6.08 eV (peak IV) [28, 76, 117–119]. Kramers–Kroenig

analysis of these data and spectroscopic ellipsometry and interferometric techniques

applied to similar samples led to the detailed determination of the anisotropic

dielectric functions of PPV [28, 155]. Since the dielectric functions are directly

correlated to the electronic structure of thematerial, the comparison with theoretical

data enables the assignment of the optical transitions.

The experimental data are comparable to the results of quantum chemical

calculations for 15-ring PPV oligomers, which allow establishing the origin of the

various peaks [28, 76]. The fine structure observed in peak I derives from the p–p�

transition followed by a vibronic progression that can be described within the

Franck–Condon approximation. Peak III originates from the l ! d�/d ! l� transi-

tion involving localized (l) and delocalized (d) states [28, 105]. This transition has
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a dominant polarization perpendicular to the chain axis. Peak IV results from l ! l�

excitations (localized at para-position of phenyl rings) and is predicted to be polarized

parallel to the chain axis. In agreement with the experimental data, calculations also

suggest that the shoulder observed in the reflectance spectrum of unsubstituted PPV

around 3.7 eV (peak II) corresponds to an optical transition between delocalized

levels (d ! d�), which is induced by finite-size effects (i.e., the ends of conjugated

segments) and is polarized along the chain axis. The intensity of this peak decreases

when LC is increased [28, 105].

To better understand the assignment of optical transition in PPV, it is interesting to

compare the data of oriented PPV to those of PPVderivatives such as poly[2-methoxy-

5-(20-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) and poly[2-butyl-5-(20-

ethyl-hexyl)-1,4-phenylene vinylene] (BuEH-PPV). The polarized absorption data

of oriented PPV, MEH-PPV, and BuEH PPV films are shown in Figure 18.2

[25, 26]. These films are stretch oriented after blending the conjugated polymer
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with UHMW-PE. Alkoxy-substituted derivatives [25] are characterized by a large

intensity of peak II at 3.7 eV (Figure 18.2b), which appears as a shoulder in PPV.

Themain effect of the alkoxy groups is indeed to decrease the separation between the

energies of the lowest l ! d�/d ! l� and d ! d� excitations, thus enhancing the

strength of the interaction among them. This causes an intensity redistribution from

the p–p� transition to peak II, which is therefore expected to increase in intensity.

Interestingly, quantum chemical calculations show that the transition dipole mo-

ment of these new peaks is almost exclusively governed by their weak d ! d�

character (i.e., the contributions of the l ! d�/d ! l� excitations tend to cancel each

other), which settles their polarization along the chain axis [28, 105]. Itwas also shown

that by increasing LC, the intensity of peak II decreases due to the larger separation

between l and d excitations, which reduces transfer of oscillator strength from the

p–p� transition [28, 105]. In oriented PPV (Figure 18.2a), both peak I and peak II are

polarized parallel to the chain axis. However, in these samples, peak II has

a vanishingly small intensity due to the wide extension of LC [105].

The relative intensity of peak II varies among the three polymers. When side

groups are electronically inactive (e.g., in PPV and BuEH-PPV), peak II appears as a

weak shoulder. On the other hand, the intensity of peak II increases considerably in

MEH-PPV where the conjugated backbone is directly linked to electroactive oxygen

atoms. The presence of peak II in PPV and BuEH-PPV (Figure 18.2b) implies the

existence of a second mechanism that has been related to finite-size effects by

theoretical calculations [28, 76, 105, 117–120, 137, 152, 156, 157]. They predict that

the combination of these two effects in substituted PPVderivatives yields a transition

with the correct parallel polarization, while the rupture of charge conjugation

symmetry alone would give rise to a transition with perpendicular polarization,

inconsistent with the experimental results [105, 137, 140, 142–144].

Additional differences between PPV derivatives concern peak I. While in the

spectrum of PPV the 0–0 transition at 2.5 eV shows a well-resolved vibronic

progression, in MEH-PPV and BuEH-PPV the vibronic structure is smeared out

by the distribution of effective LC. In MEH-PPV, the 0–0 transition energy is likely to

coincide with the shoulder that appears around 2.3 eV. This corresponds to a redshift

of 0.2 eV induced by the substitution of the conjugated backbone, as predicted by

theoretical calculations [139]. In BuEH-PPV, a blueshift of p–p� transition to�2.9 eV

is observed, probably due to a reduced average LC in this material. The narrower

distribution of effective conjugation lengths in PPV compared to that prevailing in

substituted derivatives indicates a larger intramolecular order, which has the po-

tential to affect intermolecular interactions, morphologies, and phases. In turn, all

these effectsmay alter the picture of the electronic properties of isolated chains so far

considered. For instance, MEH-PPV, in spite its long substituents, has a crystalline

structure [150, 158], which is very different from that observed for PPV [127, 128],

thus inducing remarkable differences in the photophysics of the two polymers. Such

effects are not uncommon to conjugated polymer systems [32, 77, 121, 159, 160].

Further considerations can be made by comparing the width of the lowest optical

transition and the vibronic progression in the three polymers. The full width at half

maximum (FWHM) increases from 0.67 eV in MEH-PPV to 0.85 eV in BuEH-PPV
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and 1.13 eV in PPV. Since in oriented PPV the inhomogeneous broadening due to

intramolecular effects and disorder is reduced and since backbones are more closely

packed than in its substituted derivatives due to the absence of steric hindrance

between lateral chains [127], the different FWHM observed in the spectra in

Figure 18.2 suggests a correlation between the optical properties and the polymer

supramolecular structure.

18.4

Interchain Effects

Despite the massive work reported on the orientation of conjugated macromole-

cules [25–27, 110, 114, 124, 161–167], a general understanding of the processes

underlying their electro-optical response has not yet been achieved. For instance,

recent studies on the optical properties of unoriented PPV derivatives have

questioned the character of the emitting excitons (i.e., intrachain versus inter-

chain), indicating that intermolecular interactions, both in solution [168] and in

silica nanoparticle composites [153, 169], may significantly affect the absorp-

tion [158, 170] and emission spectra [171]. A comparison between the absorption

and photoluminescence properties of highly oriented PPV samples with those of

unoriented samples is helpful for further understanding of these issues. To this

purpose, the detailed knowledge of the polymer optical constants and their

anisotropy is required [28, 172–174]. Indeed, a meaningful interpretation of

polarized PL spectra requires the correction of the emission spectra for equal

number of absorbed (exciting) photons, as well as for self-absorption, refraction,

and reflectivity losses. The details concerning the determination of the PPV optical

properties and the optical model used to correct the raw photoluminescence PL

data are reported elsewhere [32]; here we will briefly discuss the origin of these

corrections and focus on the derived PL data with particular emphasis on their

anisotropies.

18.4.1

Polarized Photoluminescence Spectra

Figure 18.3a shows the corrected PL spectra of oriented PPV films for the various

polarization configurations of the excitation/detection at room temperature. The

correction factors modify the shape of PL spectra as well as the relative magnitude of

the peak intensities. Due to the highly anisotropic optical properties of oriented PPV,

these factors strongly depend on the experimental configuration of polarizations and

are larger where the dispersion of the refractive index is high, (e.g., on the high-

energy side of the PL spectra). The low-energy side of the correction factors is weakly

dispersive and, since the sample is transparent in this region, it is mainly due to the

different reflectivity for each given configuration of the polarizations. The largest

correction factor corresponds to the (||, ||) configuration, where the emission suffers

the highest losses due to the high reflection of the excitation aswell as of the emission

18.4 Interchain Effects j575



at the polymer–air interface, while the smallest correction applies to the (?, ?)

configuration where reflection of both excitation and emission is lower [32].

After correction, (||, ||) and (?, ||) PL spectra at room temperature show a well-

defined peak at 520 nm, which resembles the 0–0 transitions detected in the PL

spectra of thinPPVfilms [169, 175]. For the remaining configurations (||,? and?,?),

there is no clear evidence for any additional structure underneath the high-energy tail

of the main emission peak. Note that upon lowering the temperature, the PL signal

intensity increases by a factor greater than 3 and peaks in the PL spectra shift toward

longer wavelength (517 ! 530 nm; 565 nm ! 573 nm; 605 nm ! 618 nm) [32].

Moreover, the main PL peaks are unusually broadened at low temperature, suggest-

ing an energy-level splitting induced by weak intermolecular interactions. To the best

of our knowledge, the anomalous broadening of PL bands upon lowering the

temperature was never observed before, and points to the effect of intermolecular

interactions on the emission properties as also suggested by studies of PPV/silica

nanocomposites [169, 175].
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18.4.1.1 Pump Polarization Anisotropy

The intensity of the PL spectra derived for excitation polarized perpendicular to the

draw axis results to be almost twice the one derived for excitation parallel polarized,

independent of theemissionpolarization (Figure18.3a) [32].This effect, referred to as

�pumppolarization anisotropy,�hasbeenpreviously observed in thephotoconductive

response and photoinduced absorption of different polymers [77, 160, 176–178].

Pumppolarizationanisotropyis typicalof thickfilmsandcanbeunderstoodintermsof

photogenerated species quenching. In the case of oriented PPV films, excitons are

quenched by charge carriers as supported by the high charge photogeneration

efficiency, the lack of stimulated emission, and the relatively low PL quantum

efficiency (2–5%) [32, 179]. For parallel excitation polarization, the small absorption

depthdue to the large absorption coefficient (l||� 1/a||� 10 nm) results in a relatively

highconcentrationofexcitationsnear thesamplesurface that increases theprobability

of exciton quenching and reduces the PL signal (Figure 18.3a, inset). On the other

hand, due to the weaker absorption, the light penetration depth is significantly larger

for perpendicular excitation polarization (l?� 1/a?� 100 l||), thus the probability of

excitonquenching isstrongly reduced(Figure18.3a, inset).Dueto thereducedemitter

density, quenching is poorly active and thus a larger PL intensity is expected for

perpendicularrather thanforparallelpolarizationof theexcitation.Notethat thiseffect

is expectedonly inoptically thickfilms, that is,filmswhere the thickness (d) isd� 1/a.

Inoptically thinfilms,where thepenetrationdepthforbothpolarizations is larger than

d, the (||, ||) componentof thePL is still expected tobe themost intensedue to the larger

emission dipole moment along the chain axis [180].

18.4.2

Emission Anisotropy

The PL emission anisotropy is well described by the orientation function r for a given

pump polarization (parallel or perpendicular to the polymer chain orientation):

rjj ¼
PLjj;jj�2PLjj;?
PLjj;jj þ 2PLjj;?

or r? ¼
PL?;jj�2PL?;?

PL?;jj þ 2PL?;?
ð18:1Þ

Equation 18.1 is calculated with corrected PL intensities for parallel or perpen-

dicular excitation (Figure 18.3a). The spectral dependence of r obtained for parallel

and perpendicular excitation is displayed in Figure 18.3b. As expected, the anisotropy

is almost independent of the excitation route. However, the strong spectral depen-

dence of the orientation functions is evident, with almost complete polarization of

the high-energy emission peak (shaded area in Figure 18.3) along the polymer chain

axis (r> 0.99) and considerably lower polarization of the low-energy structures

(r� 0.85). The dependence of the orientation function on the emission wavelength,

with crossover at about 540 nm, suggests a different origin of the emitting states

responsible for the high-energy (520–530 nm) and the low-energy peaks

(530–700 nm) of the PL. This conclusion is further supported by the different

temperature dependence of the high- and low-energy PL peaks as well as by the

increased broadening of the PL spectra upon lowering the temperature [32].
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Apossible explanation of this effect is the presence of �defects� acting as a sink for

the excitations and providing an alternative de-excitation pathway to the standard

intramolecular radiative decay. The high energy part of the PL spectrum, with

intrinsic anisotropy comparable to that of the absorption, could be assigned to an

intramolecular decay, while the low energy part to a �defect�-mediated decay. In the

case of stretch-oriented PPV films, the origin of such �defect� may relate to the

presence of crystalline (70% of the volume) and amorphous regions (Figure 18.3b

inset) [181]. Within each crystallite (�20 nm size), chains are packed in an ortho-

rhombic structure with intermolecular separations of either 5 A
�

(translational

periodicity along the b-axis) or 3.9 A
�

(between benzene ring layers in the unit cell).

Even though the highest interchain coupling is predicted to take place in the cofacial

arrangement, such small intermolecular separations can allow significant interac-

tions [158]. Thus, the two emitting states inferred from the analysis of the emission

anisotropy may be attributed to the amorphous and crystalline phases coexisting in

the oriented PPVsamples. In the amorphous phase, the electronic transitionsmainly

stem from isolated macromolecules (emitting at higher energies), while in the

crystalline phase, intermolecular interactions would affect the electronic structure,

reducing the energy gap and thus lowering the emission energy. In this case a

reduced anisotropy is expected.

18.4.3

Polarized Optical Spectroscopy under Hydrostatic Pressure

Hydrostatic pressure was used to directly control the intermolecular interactions in

highly oriented PPV. Since the pioneering work on polyacetylenes [34] and poly-

diacetylenes [33, 35–37], the investigation of spectroscopic properties under hydro-

static pressure has become a powerful tool to probe the properties of conjugated

polymers. When a polymer is subject to an external applied pressure, several effects

occur simultaneously. From an intramolecular point of view, pressure induces a

planarization of backbones, a phenomenon that has been extensively investigated by

X-ray diffraction and vibrational spectroscopy [38, 47, 51, 182, 183]. In general,

planarization induces an increase of the conjugation length, which in turn causes a

redshift of absorption and emission spectra [39–41, 47]. Besides intrachain effects,

applied pressure changes the interchain separation and favors the overlapping of

wavefunctions belonging to different macromolecules. The increment of the inter-

action between adjacent chains brought closer together is of fundamental impor-

tance. Despite the interactions along the polymer chain that are dominant and

determine the main optical and electronic properties of organic semiconductors, 3D

effects can dramatically alter the 1D picture and its photophysics, thus improving

both charge photogeneration and transport [184, 185].

Two main effects are typically observed in optical spectra under an applied

pressure: the redshift of transition energies and the broadening of transition line-

widths [39, 54, 129]. In conjugated polymers, however, these changes may be

irrespectively attributed to interchain or to intrachain effects. Indeed, polymers are

usually weakly ordered materials, and the distinct observation of intermolecular
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interactions is hampered by both the random distribution of polymeric chains and

their conformations. In disordered systems, flattening of the backbone chains is

mainly responsible for the observed redshift and the effects of intra- and intermo-

lecular interactions are not easily unraveled. In a recent paper [186], the pressure-

induced redshift of the PL spectrum of F8BT was compared to that of a solid-state

solution of the same polymer. From the difference between the redshift observed in

the latter, where interchain coupling is negligible due to the large chain separation,

and the one in thin film, it was possible to isolate the contribution due to interchain

coupling.

It is important to note that el–ph coupling is not negligible in weakly ordered

systems and determines an overall broadening of the electronic and vibronic

transitions [31, 185]. The order of the system, therefore, becomes crucial to distin-

guish intramolecular from intermolecular contributions.Molecular crystals are good

examples. Here, several terms contribute to the energy of an exciton: the excitation

energy of the free molecule, the solvent shift, the exciton shift, and the Davydov

splitting [35, 187]. The study of the compressibility of polydiacetylene crystals showed

that the pressure shift of the absorption is essentially due to an increase of the gas-to-

crystal shift term under pressure [33], while the solvent shift is related to the mean

value of the bulk modulus [35]. Pressure-induced structural changes in crystalline

oligo(paraphenylenes) with a different number of phenyl rings also showed that

changes in intermolecular distances and molecular arrangement have a relevant

effect on bulk properties [182]. The bulkmoduluswas found to depend linearly on the

inverse number of phenyl rings in the molecules and on their density in ambient

condition. Finally,wenote that theDavydov splitting is usually neglected inpolymeric

samples since disorder masks its optical fingerprint. As a matter of fact, it was

unambiguously observed only for a unique species of PDA single crystals where a

well-known phase transition giving rise to a doubling of the number of chains within

the crystalline cell occurs [188].

Polarized spectroscopy under pressure was used to study highly oriented PPV to

highlight the role of intermolecular interactions. Here, we will not present the

methodologies adopted for the complicated optical data reduction, which are

elsewhere described [31, 189], but we show and discuss the resulting polarized

Raman and reflectivity spectra.

18.4.3.1 Raman Spectroscopy

Raman spectra (lexc¼ 632.8 nm) of highly oriented PPV have been recorded up to

30 kbar. At atmospheric pressure, five main Raman modes are clearly detectable at

1170 cm�1 (C�H bending of the phenyl ring), 1329 cm�1 (C¼C stretching þ CH

bending of the vinyl group), 1548 cm�1 (C¼C phenyl stretching), 1583 cm�1 (C�C

phenyl stretching), and 1627 cm�1 (C¼C vinyl stretching) [31]. The assignment of

these modes is well established [129, 130, 190], and no other bands appear in the

Raman spectrum by applying pressure.

It is interesting to compare the pressure-dependent Raman data of oriented PPV

with those of PPVoligomers andunorientedPPVfilms [39, 54]. It has beenpreviously

observed that the ratio between the intensities of the C�H bending of the phenyl
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ring, C¼C phenyl stretching, and C�C phenyl stretching to that of C¼C vinyl

stretching of PPVoligomers increases upon increasing their length, thus such ratios

are good probe of the LC extension [129, 191]. By this argument, Raman spectroscopy

can be used to evaluate the geometrical changes (flattening) of the polymer structure

induced by hydrostatic pressure. The pressure dependence of the relative intensity of

Raman modes (I1170/I1627, I1548/I1627, I1583/I1627) in oriented PPV is shown in

Figure 18.4. Noticeably all ratios are almost independent of pressure up to 16 kbar.

While in unoriented PPV, I1543/I1622was found to grow from1 to 2.4 upon increasing

the applied pressure up to 80 kbar [39], in oriented PPV, I1543/I1622 equals 2.4 already

at atmospheric pressure and does not increase at higher pressure. Since the ratio

I1543/I1622 is proportional to the extension of LC, this indicates that in stretch-oriented

PPV, LC is considerably high and is almost independent of applied pressure, while in

unoriented PPV, large conjugation lengths can be achieved only at high applied

pressures. Similar arguments have been previously applied to the study of other

conjugated polymers, including ladder-type poly(p-phenylene), F8BTderivatives, and

para-hexaphenyl [47, 50, 183, 186, 192]. These observations point out to the fact that

oriented PPV is highly planar and has exceedingly large conjugation length, which

can hardly be improved by applying pressure. Therefore, any effect of hydrostatic

pressure on the linear optical properties of highly oriented PPV has to be regarded as

nearly independent of intrachain ordering (planarization).

18.4.3.2 Reflectance Spectroscopy

The reflectance spectra of oriented PPV measured for different applied pressures

with light polarization parallel to the polymer chains are shown in Figure 18.5a. At

atmospheric pressure, the p–p� transition is located at 2.46 eV (504 nm). Well-

resolved vibronic replicas are also observed at 2.70, 2.90, and 3.09 eV (460, 427, and

401 nm).

The overall effect of pressure on the parallel component of R is a rigid redshift of

the entire spectrum together with a considerable broadening of all electronic

transitions as well as their vibronic replicas. Since intramolecular effects (increased

LC), as probed by Raman spectroscopy, are negligible, the pressure dependence of the

p–p� transition must originate from a different mechanism, that is, the strength-

ening of intermolecular interactions. Figure 18.5b shows the perpendicular com-

ponent of the reflectance spectra for different applied pressures. These spectra are
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almost structureless due to the very good orientation of the polymeric chains. Only

minor details due to residual misalignment can be recognized [31].

Knowledge of the complex dielectric function (e1 þ ie2) is again a key issue to

interpret the pressure dependence of reflectance data. Since the narrow spectral

range and the uncertainties in modeling the interface between the sample and the

diamond culet hinder the use of Kramers–Kronig (K–K) transformations or ellipso-

metry, a fitting procedure based on a series of K–K consistent Gaussian oscillators

was used to derive the components of the complex dielectric constant from the data in

Figure 18.5 [189]. To reproduce accurately the p–p� transition and each vibronic

replica, two Gaussian functions instead of one were necessary even for the spectra at

atmospheric pressure. As already observed for R spectra, the e1 and e2 spectra

obtained by such procedure show broadening and bathochromic shift when pressure

is applied [189]. Figure 18.6 shows the pressure dependence of the peak energy, area,

and width of the two Gaussians used to fit the purely electronic 0–0 transition. By

increasing applied pressure, the requirement of two Gaussians becomes more

stringent and can be interpreted as evidence of energy-level splitting due to

intermolecular interactions. As a matter of fact, upon applying pressure, the doublet

necessary to reproduce the structure clearly splits into two peaks separated by

�110meV at 50 kbar (Figure 18.6a). Concurrently, the area underneath the lower

energy peak increases with pressure and becomes comparable with the area

underneath the higher energy peak at 50 kbar (Figure 18.6b). Moreover, both
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Gaussians broaden at higher pressures, as shown by the pressure dependence of the

width parameters (Figure 18.6c).

From these observations we conclude that at atmospheric pressure, the 0–0

transition is mostly due to the high-energy peak. On the other hand, when chains

are brought closer to each other, the strength of the lower energy peak increases at the

expense of the higher energy one. The splitting occurring between the two compo-

nents might be interpreted as the Davydov splitting caused by the peculiar crystal

symmetry of highly oriented PPV, with two nonequivalent chains per unit cell.

Theoretical calculations of the optical properties of crystalline PPVpredict a Davydov

splitting of �120meV [158], consistent with our data where a variation from 35 to

113meV is observed in the investigated pressure range. Broadening of all the

vibronic transitions upon applied pressure can be attributed to the enhanced

interchain interactions. A contribution to the broadening from a change in the

el–ph coupling upon changing pressure was also suggested [31].

18.4.3.3 Oscillator Strength

The overall influence of pressure on e is remarkably different for the parallel and

perpendicular polarization. Upon applying pressure, the overall intensity of the

parallel component of e2 decreases. Conversely, the perpendicular component of e2
increases in intensity with pressure, showing a strong enhancement for energies

higher than 2.4 eV [189]. More detailed information on the electronic structure of

oriented PPV can be obtained by analyzing the oscillator strength for parallel and

perpendicular polarized transitions.

Within the quantum theory of absorption and dispersion, the sum rule for the

oscillator strength of optical transitions in a solid is given by [193, 194]

m

2p2NCe2

� �
ð

vx

0

ve2ðvÞdv ¼ f ðvxÞ ð18:2Þ

where NC is the carbon atom density (16 atoms in an orthorhombic crystallographic

cell 8.07� 5.08� 6.54A
� 3) [128], e is the electronic charge, m is the electronic mass,

and v is the frequency. Equation 18.2 relates the imaginary part of the dielectric

constant to the oscillator strength f of the optical response within the frequency vx.

The dispersion curves of the oscillator strength for oriented PPV with parallel and

perpendicular polarization as well as for an isotropic PPV system are reported in

Figure 18.7. Figure 18.7a clearly shows that for the parallel polarization, the oscillator

strength is conserved up to 2.75 eV (451 nm), although it is spectrally redistributed

due to the broadening and splitting previously discussed. For photon energies above

2.75 eV, the oscillator strength decreases upon applying pressure. In the case of

perpendicular polarization, however, the oscillator strength increases upon increas-

ing applied pressure (Figure 18.7b). Since the overall oscillator strength should be

conserved, we deduce that oscillator strength must transfer from the parallel to the

perpendicular polarization, particularly in the highest energy range. This is indeed

observed when looking at the isotropic oscillator strength (fISO¼ f|| þ 2f?) calculated
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from thepolarizedcomponents (Figure18.7c).Webelieve this f transfermaybedue to

intermolecular interactions that increase the system dimensionality. At present, the

microscopicmechanismunderlyingtheoscillatorstrength transfer fromthe || to the?

component isnot fullyunderstood. Itmaystemfromthepresenceofoptical states that

are almost dark at atmospheric pressure, but gain oscillator strength in the perpen-

dicular polarization by increasing pressure. Alternatively, new optically allowed states

may originate at high pressure from a phase transition within polymer crystallites.

Comparisonwith theoretical calculations is very difficult since e2 spectra are reported

only formolecular crystals basedonfluorene [195] orpara-terphenyl [53].Calculations

of the anisotropic imaginary components of the dielectric function or oscillator

strength for conjugated polymers will be necessary to elucidate these points.

A final comment on fISO concerns the importance of oriented samples for these

kinds of studies. Indeed, the anomalous transfer of oscillator strength from the || to

the ? component could not be observed in isotropic samples where the parallel and

orthogonal components of the optical response are mixed together.

18.5

Conclusions

Highly oriented conjugated polymers are unique systems to address fundamental yet

open issues on the photophysics of organic semiconductors. Among the various

alignment techniques reviewed, tensile drawing is the one suitable to align any kind

0.0

0.1

0.2

0.3

1.5 2.0 2.5 3.0 3.5
0.0

0.1

0.2

0.3O
s
c
ill

a
to

r 
S

tr
e
n
g
th

  Room pressure

  6 kbar

  16 kbar

  22 kbar

  30 kbar

  50 kbar

(a) parallel

0.00

0.02

0.04
(b) perpendicular

 

(c) isotropic

Photon Energy (eV)

Figure 18.7 Oscillator strength derived by numerical integration of parallel (a), perpendicular

(b), and isotropic (c) components of e2.

18.5 Conclusions j583



of polymers, with minimal chain misalignment and high optical quality. Thus,

polymer films oriented by tensile drawing enable the investigation of the intrinsic

anisotropy of their electronic structure via optical studies. The origin and polarization

of the optical transitions in highly oriented PPV films and its substituted derivatives

have been discussed. Polarized photoluminescence spectra of oriented PPV revealed

theexistenceof twoemittingspecies, one fullypolarizedalong thestretchingdirection

and the other with a strong perpendicular component. Combined with the unusual

spectral broadening and spectral shifts of the low- and high-energy PL peaks upon

lowering the temperature, these data have been interpreted in terms of the emission

from intramolecular species characteristic of oriented chains in amorphous regions

and intermolecular species characteristic of crystalline regions where macromole-

cules are packed in a highly ordered structure. This hypothesis has been corroborated

by spectroscopic studies conducted under hydrostatic pressure, which allow control-

ling the intrinsic intermolecular separation. While in amorphous polymer systems,

the effect of hydrostatic pressure typically increases the intramolecular order and the

extension of LC, in the case of highly oriented PPV Raman scattering, experiments

indicate that the very long LC is poorly increased by applied pressure. Therefore, the

effects of pressure observed in the optical spectra are due to a different mechanism,

that is, intermolecular interactions. From reflectance spectra, the polarized complex

dielectric constant and its pressuredependencewerederived.These spectra show that

a Davydov splitting due to the interaction between inequivalent chains in the

crystallographic cell occurs, although a contribution from el–ph interaction is ob-

served.Adetailedanalysisof theoscillatorstrengthshowsthat forparallelpolarization,

the electronic transitions below 2.75 eV redistribute their oscillator strength by

broadening and splitting, while those at higher energies, lose oscillator strength. For

perpendicular polarization, an increase of oscillator strength is observed in the

investigated spectral range. This component gains intensity from the parallel one

and was assigned to electronic states correlated to intermolecular interactions.
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