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Polarized ultraviolet absorption of highly oriented poly(2-methoxy, 5¢2' -ethyl)-hexyloxy)
paraphenylene vinylene
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Absorption spectr&2.0—6.1 eV for poly[(2-methoxy, 52" -ethyl)-hexyloxy) paraphenylene vinyleferi-
ented by gel processing in polyethylene show that the bands peaking at 2.5, 3.6, and 6 eV are polarized parallel
to the draw direction, while the band at 4.7 eV is polarized off axis. Although the onset of absorption in
oriented samples is redshifted from that in disordered, spin-cast films, indicating significantly higher conjuga-
tion lengths, the 3.6-eV band is present in both. Thus, the 3.6-eV band is an intrinsic feature of the electronic
structure of the macromolecule and not a characteristic of oligomers or polymers with short conjugation
lengths.[S0163-182@09)09707-6

I. INTRODUCTION and holegto form bound excitons was shown to be capable
of explaining the optical transitions observed in model five-
Recent debate on the electronic structure of luminescentjng oligomers> Quantum chemical metho@® and band
conjugated polymers such as poly paraphenylene vinylenmodels that treat the interaction between the electron and the
(PPV) and its soluble derivatives has focused on the predichole when both are on the same phenyl fitghave also
tions of visible and ultravioletvis-UV) absorption spectra, been successful in accounting for many of the observed spec-
which are readily compared with spectroscopic data. Howiral features. The quantum chemical approach provides a
ever, although the electronic structure of conjugated polynatural way to include and treat variations such as chemical
mers is inherently anisotropic, relatively little is known from substitution and finite chain length. However, such calcula-
experimental studies about the polarization of ther* ab-  tions cannot be extended to the long-chain limit needed for
sorption bands in these semiconducting polymers. comparison with data obtained from high molecular weight
Although the optical properties of partially oriented con- conjugated polymers.
jugated polymers have been studfettte anisotropy was not The different theorgti_cal approachgs lead to impprtant dif-
high enough to enable strong conclusions. Gel processing ¢grences in the predictions of the vis-UV absorption spec-
blends of soluble conjugated polymers in ultrahigh moleculaf’um of oriented conjugated chains. The lowest energy ab-
weight polyethylene(PE) produces highly oriented, chain- sorption band(2.1-2.5 eV is generally predicted to be

extended and chain-aligned conjugated macromolecules ip]olarized parallel to the chain di_rection, as is the higher en-
an inert, transparent matrixSamples with draw ratios in ergy band that peaks at approximately 6 eV. The third ab-

excess of fifty demonstrated polarized absorption and emiss_orgtion bang_, p(laaked nr(;:-ar ‘;7. ev, _irshprefdict?]d E)O bde po.'?]r'
sion. However, the earlier spectroscopic studies of conju'—Ze _perpendicular to the chains. The fourth band, wit
aximum near 3.6 eV, has been ascribed to an exciton as-

gated polymers oriented in biends with PE by gel processin ociated with the higher energy interband transition at 4.7

were restricted to the lowest energy absorption band. 6 : ) itutidh
The success of the Su-Schrieffer-Heeger Hamiltchian eV,_ to symmetry breaking upon chemical substitutionor
to finite chain-length effect§®1%11 Thus, measurements of

describing the electronic structuretoéins-polyacetylene im- th larizati d Lqation lenath d d f th
plies that it is a useful starting point for modeling more com- € polarization and conjugation leng ependence of the

plex, phenylene-based conjugated polymers. PPV and its

soluble derivatives have eight conjugated atoms in the unit 8 ——— T

cell and are hence expected to have eighglectron energy 6l — D3
bands. As indicated in the schematic band struéfuseown 4. D2 o |
in Fig. 1, four of these bands are occupied in the ground state 2L |
(threes bands with strong dispersion in which the states are ol D1* |

delocalized, labeled1, D2, andD3, and one localizedr
band, labeled.), and four are unoccupig@gain, three delo-
calized #* bands, labeled1*, D2*, andD3*, and one
localized #* band, labeled.*). D3 1
More complete theoretical studies of the electronic struc-
ture of PPV and its soluble derivatives have followed a num-
ber of different paths. The band structure shown in Fig. 1,
supplemented by the Coulomb interaction between electrons FIG. 1. Schematic one-electron band structure of PPV,
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3.6 eV peak can provide a valuable test of the various theo- A B I I L
ries. : —— 0 deg (parallel)

In this paper, we present absorption spectra of [§aty
methoxy, 5¢2’-ethyl)-hexyloxy) paraphenylene vinylerje
(MEH-PPV) oriented by gel processing in PE over the broad
spectral range from 2.0 to 6.1 eV. The three absorption bands
peaking at 2.5, 3.6, and 6.0 eV are polarized parallel to the
mechanical draw axis. A fourth band at 4.7 eV is polarized
off the draw axis, with perpendicular to parallel intensity
ratio of approximately 2:1. We compare the polarized ab-
sorption spectra with predictions obtained from four different
theoretical approach&s®1%'! The band model supple-
mented with Coulomb interactichseems to be the only
approach capable of providing a complete description of the
observed spectra.

Absorbance

Il. EXPERIMENTAL DETAILS 1 2 3 4 5 6 7
Energy (eV)

Oriented MEH-PPV/PE blends were prepared as previ-
ously reportedi by tensile drawing of dried gel films at a £ 2. polarized absorption spectra for the oriented MEH-
temperature of 100°C. Photoluminescer@.) from the  ppy/pE plend with four different angles between the electric-field
drawn films was in all cases polarized parallel to the chaingector of the light and the draw axis of the film. The four observ-
with a polarization anisotropy of greater than 12:1. The dataple features peak at 2.5, 3.6, 4.7, and 6.0 eV.
presented here were obtained from a film of 5% MEH-PPV
in PE, drawn to a ratio of 100 and exhibiting polarized pho-tonic function of wavelength. For this reason, it is important
toluminescence with intensity ratio of 15(parallel to per-  to polarize and disperse the light before focusing it onto the
pendicula). Spin-cast films were cast from xylene solution sample because the sample itself is an optical element, which
under nitrogen atmosphere onto UV-grade silica substrategshanges the polarization state of the transmitted light due to
and subsequently dried under vacuum for 36 h to removes birefringence and dichroism. Third, only reflective optics
residual solvent. were used to avoid dispersion problems inherent in refractive
The oriented samples were mounted between plates @fptics; UV-coated aluminum mirrors were used in all mea-
UV-grade silica, which shows no absorption in the relevantsurements. Finally, surface scattering was greatly reduced by
spectral range. Surface scattering was reduced by indé¥dex matching with a UV-transparent fluig-octadecane;
matching the samples with octadecangAldrich), which  see above Bulk scattering, however, is intrinsic to materials
also shows no UV absorption below 6.5 eV. The octadecangith mesoscale structure. From measurements on films of
is an ideal index-matching fluid for PE, since it is simply anpure polyethylene, we estimate that the contribution to the
oligomer with the same repeat unit as in polyethylene. Enpptical density(the apparent absorbancis approximately
capsulated samples were mounted on a rotating stage at thel at 2 eV, increasing monotonically to approximately 0.3 at
focus of the optics described below. Parallel orientation wag eV. Including MEH-PPV in the PE matrix might be ex-
defined as the orientation, which maximized the abSOI'ptiOI'p)ected to enhance the scattering over this spectral range
in the lowest energy peak. In all cases, the optical axis coinsince scattering is due to inhomogeneities in the optical prop-
cided with the mechanical draw axis. erties of the material. However, since the MEH-PPV concen-
Light from a deuterium lamp was collimated and thentration was smal(5%), the semiquantitative estimate of the
polarized by Brewster angle reflection from UV-grade Si|ica.scattering contribution given above is useful.
The light, polarized vertically with respect to the optical
table, was then sent through a McPherson monochromator
equipped with a UV-blazed diffraction grating, mechanically
chopped and focused onto the sample. Light was then col- Figure 2 shows the absorption spedi@om temperatune
lected and focused onto a McPherson photomultiplier tubef the oriented MEH-PPV chains for four different angles
and measured with a lock-in amplifier. between the electric-field vector of the polarized light and
Several details of this setup are critical to the proper meathe draw axis. The draw axis was found to be a principal axis
surement of deep-UV-polarized absorption. First, since difor all four absorption features, with absorption either at a
chroic or beamsplitting polarizers are not commerciallymaximum or a minimum for light polarized parallel to the
available for the deep UV, the light was polarized by stretch direction, consistent with the assumption that the
Brewster-angle reflection from silica, which is only modestly films are uniaxially anisotropic.
dispersive below 6.5 eV. Using a dichroic sheet polarizer in  Figure 3 shows the absorption spedi@om temperatupe
the visible region of the spectrum, we determined the polaref the oriented MEH-PPV chains for light polarized parallel
ization ratio to be approximately 250:1, implying that the and perpendicular to the draw axis. The polarized spectra are
ratio in the deep UV is greater than 200:1. Second, diffracdirectly compared with the absorption spectrum of a spin-
tion gratings are notorious for polarizing the light that theycast film. The spectra all have the characteristically sharp
transmit. Moreover, the polarization ratio is often not mono-onset of absorption near 2.1 eV. However, the onset of ab-

Ill. RESULTS AND DISCUSSION
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' i ' with increasing chain length and was a superposition of two
— Parallel transitions, both of which involve purely delocalized states
""""" Perpendicular (D-D*). For the substituted oligomers, the peak did not
i weaken with increasing chain length, and it was a superpo-
sition of four D-L*/L-D* transitions. The analytical model
' of Gartstein, Rice, and Conw&lI*® predicts that for oligo-
mers with finite chain lengths, the peak at 3.6 eV will have
parallel polarization and the unrelated peak in the same spec-
tral region that results from broken charge-conjugation sym-
. metry will have perpendicular polarization.
2 3 4 P Recent photoconductivity results on MEH-PRRef. §
Energy (eV) were interpreted using the predictions of the quantum chemi-
cal calculations carried out for unsubstituted oligomers, with
FIG. 3. Polarized absorption spectra for the oriented MEH-the conclusion that the 3.6-eV featurebsD* and should
PPV/PE blepd for light pola_rized parallel Fo and perpendicula_r tope polarized primarily parallel to the chain axis. Mixed in-
the draw _aX|s. Shown also is the absorption spectrum of a d'sorferband transitionéD-L* andL-D*), on the other hand, are
dered, spin-cast film of MEH-PPV. generally predicted by these calculations to have large off-
axis transition dipole moments and to give rise to strong
sorption and the peak absorption in the oriented film are aphotoconductive response.
slightly lower energies than the spin-cast film, indicating sig- We conclude, therefore, that this second peak in the po-
nificant chain extension compared to the disordered film. Théarized MEH-PPV absorption spectrum is not an interband
improved order in the highly oriented films was studied inD-L*/L-D* transition caused by substitution effects, since
detail by Hagler, Pakbaz, and Heeder. that would imply an absorption feature perpendicular to the
The data presented in Figs. 2 and 3 were obtained from draw axis, which is not observed in the oriented polymer. In
film with a peak optical density of about 0.8. The relatively addition, we conclude that the 3.6-eV feature does not result
low-optical density enables extension of the spectra deepdrom finite conjugation length, since it is present both in the
into the ultraviolet where much smaller light signgsima-  spectrum obtained from the disordered spin-cast film and in
rily due to source brightness and mirror reflectanmehibit  the spectrum obtained from chain-extended MEH-PPV mac-
accurate measurements of highly absorbing films. romolecules in the oriented films. Thus, the 3.6-eV peak re-
Other, more concentrated blends have shown higher disults from a transition intrinsic to the electronic structure
chroic ratios and higher polarization ratios for the lumines-of the long-chain polymer and is unrelated to symmetry-
cence, indicating that subtleties in the processing can affedireaking chemical substitution on the phenyl ring.
macroscopic anisotropy, and that the intrinsic anisotropy of Of the theoretical descriptions considered here, only the
the polymer chains is much higher. This is consistent withmodel discussed by Brazovskit al? includes such a transi-
previous reports on optical measurements of oriented polytion. In this model, the 3.6-eV feature is an exciton associ-
mer films including PPMRefs. 12—13and MEH-PP\? ated with the interban®-L*/L-D* transition. This exciton
The residual absorption in the oriented film for polariza-can be thought of as a localized electr@mwle) bound to a
tion perpendicular to the draw direction is not an artifact; thedelocalized holdelectron with a binding energy on the or-
“perpendicular absorption” onsets at the same energy as thder of 1 eV and a spatial extent on the order of 10 A. The
parallel feature but peaks approximately 0.2 eV higher inexistence of this molecular exciton follows naturally from
energy. The weak photoluminescence polarized perpendiciihe consideration of the electrostatic Coulomb attraction as a
lar to the draw axis suggests that a small fraction of shorteperturbation to the electronic band structure. We note, how-
chain segments are incompletely aligned; these same segver, that the initial calculations predicted that this feature
ments could be responsible for the blueshifted perpendiculavould be polarized perpendicular to the chain axis, contrary
absorption signal. However, since the blends are expected to our observations. However, parallel polarization could po-
be phase segregated, we cannot rule out an interchain absotpstially be explained by recent qualitative arguméfits,
tion mechanism. The perpendicular “absorption” does notwhich take into account the resonance of beD* con-
result from scattering; the dielectric mismatch betweertinuum with theD-L* exciton as well as the electron corre-
MEH-PPV and PE is higher at photon energies below thdations on the phenyl ring. Configuration mixing Bf-D*
2.5-eV transition, whereas the perpendicular optical densityransitions with theD-L* transition for conjugated oligo-
increases on going through the 2.5-eV transition. mers was shown numerically by Chandrassal, but the
The second absorption peak in the oriented MEH-PPMesult was optical coupling of a previously state to the
film at 3.6 eV is polarized parallel to the draw direction andground state, rather than a change in the nature of an opti-
is pronounced in both the spin-cast film and in the orientectally allowed transitiort’ Quantitative analysis of these con-
film. Note that in the oriented film, the peak is again slightly siderations is necessary to properly predict the polarization
redshifted from the peak in the spin-cast film, indicating sig-of this excitonic feature.
nificant participation by delocalized electronic sta{Bsor Assignment of this 3.6-eV peak to a parallel-polarized
D*, see Fig. 1in this transition. exciton associated with thB-L* transition simultaneously
The quantum chemical calculations of Coretial.” on  explains the following. (a) There are contributions from lo-
oligomers of unsubstituted and alkoxy-substituted PPV indicalized and delocalized states, as predicted by quantum
cated that in the unsubstituted case, this peak grew weakehemistry’ (b) the photoconductivity feature observed in as-
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sociation with this transition is relatively wedland(c) this  ing polarized absorption spectroscopy on highly oriented
assignment accounts for the existence and parallel polarizédEH-PPV/PE blends. The 2.5, 3.6, and 6.0 eV peaks are
tion of the absorption observed in oriented, chain-extendegolarized parallel to the chain axis; the 4.7-eV peak is polar-
samples. ized off axis with a 2:1 ratidperpendicular to parallglIn
The third absorption feature, peaked near 4.7 eV, is poaddition, the behavior of each band upon chain extension
larized off the draw axis; the perpendicular to parallel inten-was assessed by comparison with absorption in disordered,
sity ratio is approximately 2:1. This is in qualitative agree-spin-cast films. The lowest energy absorption bands at 2.5
ment with data obtained from rubbed films of PPV and 3.6 eV were redshifted in the ordered matdiial, rela-
derivatives’ and is accounted for by all of the present theo-tive to the spin-cast filmsconsistent with chain extension in
ries as a transition between localized and delocalized eledhe drawn and oriented films. However, the relative intensi-
tronic levels(L-D* and D-L*). This absorption typically ties of the two peaks did not change, indicating that both are
results in spatially separated electron-hole pairs, as evintrinsic to the electronic structure of the conjugated chain
denced by the large photoconductivity response typicallyand not the result of finite conjugation length.
measured in this region of the spectrfiiifor this reason, it is The data were compared with the predictions of all the
sometimes termed a “charge-transfer” state. theoretical methods/models. The model presented by Bra-
Finally, at the highest energy accessible in our experizovskii et al. accounts for all the intrinsic features of the
ment, there is a peak at 6 eV polarized parallel to the dravepectrum obtained for chain-extended conjugated macromol-
axis. Although scattering adds a significant background taecules. Even in this case, however, the polarization of the
the spectrunfincreasing as\ ~%), the 6-eV peak, polarized 3.6-eV absorption band is not predicted correétthithout
parallel to the draw axis, is clearly evident in the data. The 6taking into account higher order effects such as the resonant
eV band is universally assigned to a transition between elednteraction of theD-D* continuum with the exciton and
tron and hole states localized on the phenyl rihgL(*). electron correlations on the phenyl rifyThe role of the
This transition is a tightly bound Frenkel exciton in which latter effects in rotating the polarization from perpendicular
the excitation is confined to a single ring. (as predicted in the original thedRto parallel must be con-
Absorption features polarized perpendicular to the chaingirmed through quantitative calculations.
(of D-L*/L-D* characterat energies higher than presented
here have also been predictetiThus, the steep rise in the
perpendicular signal might result from an absorption feature ACKNOWLEDGMENTS
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