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BOL10.1035 0000000 We present a study on the photoluminescence (PL) of thin films of poly-(p-phenylene vinylene)

(PPV), non stretched and uniaxially stretched. The experimental study was carried out using linec.-
polarized light as the excitation beam, either oriented parallel or perpendicular to the stretch axis
(S). The results showed that when the excitation light source has polarization perpendicularly ori-
ented to the stretch direction, the emitted PL presents maximum intensity in the orientation S, ana
a minimum in the direction orthogonal to S. In order to understand this interesting phenomenon;
we employ theoretical simulations at the atomistic level. We use classical molecular dynamics
to simulate amorphous PPV films, non-stretched and stretched, from which we find a tendency
of overall alignment of PV units to S, and of local clustering in herring-bone and z-stacking pa -
tial symmetries. Our study of optical activity of this kind of clusters, performed through quantum
semi-empirical method, allows us to explain this polarization conversion behavior, and indicates
the possibility of using underivatized PPV as the active layer for polarized electroluminescen:
devices.

www.rsc.org/journalname

1 Introduction

characteristic is lost. Exploring anisotropic features and local or-

The conjugated polymer poly-p-phenylene-vinylene (PPV) has
been intensively studied '~ due to its potential for applications
in the field of organic electronics, in particular for optoelectronic
devices. PPV belongs to a class of luminescent materials>® whose
optical emission properties can be designed by tailoring the inter-
nal morphology of the polymer film in the active layer.”-? Ideal
linear conjugated polymers by construction absorb and emit light
with well-defined polarization along the chain backbone axis,
however, when dispersed in a solvent or condensed as a film (usu-
ally in disordered morphology) the chain backbone orientation is
homogeneously distributed in all directions, and this polarization
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dering effects opens the possibility for engineering physical prop-
erties, and conjugated polymer films with a reasonable degree of
alignment are promising materials for polarized electrolumines-

cent devices. 810-12

In thin polymeric PPV films crystalline grains or domains are
randomly dispersed in an amorphous phase, as seen from infra-
red and crystallographic analysis.23 Morphological anisotropy
can be achieved?” but it is not known if always by overall
alignment of crystallites, or also by simple alignment of poly-
mer chains in the formerly isotropic distribution of the amor-
phous domains, with no crystalline arrangement. There are dif-
ferent routes for obtaining chain orientation and/or crystallinity,
usually associated with stretching of the film either during the
process of polymerization from precursor, or after polymeriza-
tion; other processes such as rubbing are also becoming feasi-
ble. 2 Increase of charge carrier mobility in conjugated polyme.
films brought by molecular orientation is already a well know.:
phenomenon, #61417 which has been associated with increasing
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planarity of the polymer backbones, and consequent increase of
conjugation length. After stretching, the degree of orientation
can also be probed through pressure-induced effects on optical
properties, 18:19 that highlight the relevance of inter-chain pack-
ing morphologies in addition to intra-chain ordering and back-
bone alignment.

Indeed, an interesting effect of polarization of absorp-
tion/emission has been detected® where, for highly oriented PPV
samples, incident light polarized perpendicular to the stretch di-
rection converts in emission polarized parallel to the stretch di-
rection. We here investigate this effect by complementary experi-
mental/theoretical studies of stretched PPV films. We carried out
UV-Vis measurements using polarized incident light, parallel or
normal to the stretch axis, and analysing the polarization of the
emitted light we find the same aforementioned conversion prop-
erties. We also performed theoretical simulations to study the ef-
fect of stretching on PPV films, using Classical Molecular Dynam-
ics for the structural properties and the well-established ZINDO/S
method 2 for the optical properties. OQur results strongly suggest
that the conversion of polarization, perpendicular to parallel to
the draw direction, is originated in the amorphous domains. In
section 2 we describe our experimental procedure and results, in
section 3 we describe the theoretical simulation methodology; we
then describe and discuss our results in section 4.

2 Experimental Results

We obtained PPV from its precursor, the poly(xylylidene tetrahy-
drothiophenium chloride) (PTHT), which was synthesized fol-
lowing the standard chemical route.? PTHT films 500 nm thick
were deposited on a Teflon-tape (250 um thick) by spin-coating
a mixed aqueous solution of PTHT with dodecylbenzene sulfonic
acid (DBSA) at 1.6:2 wt/wt. PTHT was then converted to PPV by
an efficient thermal treatment technique. 21-22 PPV-Teflon bilayers
were uniaxially stretched, which allowed us to obtain films with
stretch ratio up to A = 4. The stretch ratio A is here defined as
A = (I/ly), being I the length of the uniaxially stretched sample
and [ its initial length. Polarized photoluminescence (PL) exper-
iments were carried out to analyze the optical anisotropy of the
stretched PPV thin layers, by making use of a He-Cd laser (442
nm, 25mW/cm?) as excitation source. To perform measurements
of the intensity of PL emitted light according to its polarization,
an analyzer was placed between the sample and the detector. The
whole procedure —stretching, illumination and emission analysis—
was undertaken under vacuum so as to avoid photo-oxidation of
the sample. The experimental setup of polarized photolumines-
cence and optical absorption experiments are similar to that used
in experiments carried out in oriented Langmuir-Blodgett films
from a PPV derivative. 23 Here, we take the excitation wavelength
(442 nm) at the maximum of the optical absorption spectra there
recorded, while the emission was collected at the region of the

2| Journal Name, [year], [vol.],1-8

maximum fluorescence intensity (~ 520 nm).%223

Our experiments of optical absorption showed that the absorp-
tion intensity of a non-stretched film is the same irrespective of
the orientation of the polarization of the incident light. On the
other hand, the response of the optical absorption changed with
the orientation of the polarization of light for stretched samples:
the closer (more distant) was the orientation of polarization of
light relative to the stretch direction, the higher (lower) was the
intensity of the optical absorption, as expected. Afterwards, we
carried out experiments of PL emitted light with non stretched
and stretched samples. In such measurements two orientations
for the linear polarization of the incident beam were used: par-
allel to the direction of the stretch (I,/), and perpendicular to it
(I,). For a non stretched sample (A = 1), the PL intensity exhib-
ited maximum values (peaks) when the orientation of the ana-
lyzer was aligned with the polarization of the incident light, I,
orI,,i.e. when the angles between them were 0°, 180° and 360°.
In this case, PL showed minimum values (valleys) when these an-
gles were 90° and 270°. Figure 1(a) depicts experimental results,
in which the analyzer was rotated from 0° to 360°, for incident
laser beam parallel (I,,) or perpendicular (I, ) to the direction of
the stretch axis (S). In summary, we find the expected results for
optical absorption and emission.

The interesting result was observed when similar experiments
were repeated with stretched samples. Figure 1(b) shows the PL
intensity of the emitted light for a sample with stretch ratio A =4.
For parallel incident beam (I / /) the PL peaks were recorded at
0°, 180° and 360°, as expected. However, when the incident
beam was polarized perpendicular to the stretch direction (I,),
the emission peaks were recorded also close to 0°, 180° and 360°,
showing a shift of approximately 90° in comparison with results
obtained for non stretched samples, i.e. where we had valleys,
peaks were now registered. In addition, we also observed that as
the film was stretched from A = 1 to A =4, the peaks and valleys
shifted gradually to the maximum & of 90°. This conversion of po-
larization cannot be explained only by crystallites reorientation,
and motivated our complementary theoretical study.

3 Theoretical Simulations

The anisotropy of the optical properties coming from the stretch-
ing of the film described above could be in the first place asso-
ciated to the characteristics of the crystallites in the film, that is,
orientation with respect to the draw direction of the crystallite
¢ axis (coincident with the backbone axis of the chains). How-
ever, underivatized PPV is known to crystallize in herring-bone
(HB) symmetry. Now, it is also known, from theoretical studies
of the optical properties of crystalline HB PPV, 2426 that absorp-
tion in the I, configuration is extremely weak, and furthermore
the lowest optical peak is dark, that is, light absorbed in any po-
larization direction decays to the optically inactive state. As such,
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Fig. 1 Integrated photoluminescence spectra of PPV films (a) before

A =1 and (b) after A = 4 stretching. The angle in the abscissa defines
the direction of the emitted light relative to the stretch direction. Solid
circles refers to light emitted when the incident light is polarized parallel
(1) to the stretch direction, open circles incident light polarized
perpendicular (1) to the stretch direction.

once the crystallites are aligned not only absorption decreases but
also emission is severely quenched in any direction. On the other
hand, stretching can have also a strong effect on the amorphous
regions, and thus we here investigate, by different methodologies
in an atomistic picture, the impact of stretching on amorphous
films of PPV, and the possible effect on the optical properties.
We use for that Classical Molecular Dynamics, from where we
extract the behavior of the organic material with draw ratio, re-
garding intra-chain characteristics (linearity, alignment with the
draw vector) and inter-chain packing (local alignment and or-
dering of neighbor chain segments). We next study the effect of

This journal is © The Royal Society of Chemistry [year]

local packing on the optical properties through quantum semi-
empirical calculations for different oligomer clusters.

3.1 Amorphous PPV Films, Isotropic and Stretched

As highlighted above, we need for this study a sound description
of morphological characteristics of a polymer film in the amor-
phous configuration. It has already been noted in the literature
that this task is best carried out through Molecular Dynamics
(MD) simulations2’ however, for the minimum size of the Sys
tem we need, in terms of number and length of polymer chains,
the task cannot yet be performed through ab initio methods. We
thus use a classical modeling (CMD) well-adapted for the specific
system here, capable of description of the basic Carbon-Carbou.
and Carbon-Hydrogen bonds and interactions. We need descrip-
tion not only of intra-chain geometrical properties (bond lengths,
bond angles) but also, and very important, of inter-chain proper-
ties that depend on non-bonded interactions.

For the bonded interactions we use the well-known Universai
Force Field (UFF),28 which however fails to give elastic charac-
teristics of PPV films with the desired accuracy. The non-bonded
interactions, Coulomb and van der Waals (vdW), were then ac-
justed2® based on ab initio density functional theory studies of
several model PV systems. In this case, it was adopted the eval-
uation of vdW interactions3C as implemented in the AIMS pack-
age,3! which is consistent from start with the concept of Hirst.
feld partial charges32 that was used for the Coulomb potentials.
It was found one can adopt the same (fixed) charges and vdW
parameters for C-atoms bonded to two C- and one H-atom, in-
dependently of the mer (phenylene or vinylene), while C-atoms
bonded only to C-atoms need Q=0 and a different vdW parame-
ter. In our approach thus the bonded energies remain the same
as those defined in the standard UFF, however the non-bonded
energies require to define for the resonant C-atoms two differen*
types, which were named Cg,, (non-charged) and Crp (charged),
while the vinylene C-atom was named plain Cg (charged); the
non-bonded parameters for the H-atom were also recalculated*.
This procedure proved to give excellent approximations for the
elastic coefficients for a wide range of systems.2? We name our
implementation nUFF.

The PPV amorphous films simulated here are built from rea-
sonably long chains P26V25 containing 25 monomeric units (PV?
and a phenylene cap, and each simulation cell of the (periodic,
infinite film contains 40 chains with a total of 14480 atoms pe.
cell. Initial samples were constructed by disposing randomly 40
linear chains in four layers; in order to avoid molecular super-

* For the Lennard-Jones Vi = &[(ro/r)'? — (ro/r)°], with & in keal/mol and ry in A an-
with charges in electron units e, we find &€ = 0.069800,r) = 3.850 and Q=0 for Cg;
£ =10.051478,rp = 3.975 and Q= -0.05 for Crp and Cp; € =0.029500,r9 = 2.830 and
Q=+0.05 for H.
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positions these initial models were built with large spacing be-
tween chains resulting in initial densities lower than 0.2 g/cm?.
First we performed systematic homogeneous reductions of cell
parameters, intercalated with molecular mechanics (MM) opti-
mizations and NVT dynamics, at T=300K; the minimum of total
vdW energy of the cell is used to find the optimal region of cell
volume, and a final NPT cycle is performed: this procedure avoids
spurious too-high temperature steps. Typical converged densities
for amorphous models are around 0.9 — 1.0 g/cm?, and the fi-
nal (supercell and atomic) temperature was fluctuating less than
1% around the temperature of the thermal reservoir. To simulate
stretching we adopted a similar procedure, starting from the re-
laxed cell, then proceeding with step-by-step elongation of one
cell axis with natural adjustment of the other two by MM+NVT
cycles. Figure 2(a) shows snapshots of our model film taken for
the non-stretched situation and for 50% of stretching (A =1.5).

We followed the variation of polymer morphology caused by
the stretching procedure through statistical analysis of the chain
distributions in the film, considering the local environment of
each mer. We recall that crystalline packing of PPV chains can
assume HB symmetry, usual for non-functionalized PPV, or else
n-stacking symmetry (7-S) in this case more often for deriva-
tized polymers such as MEH-PPV33. As shown in Figure 3(b)
and (c), phenylene and vinylene units face each other in the 7-S
arrangement, while in the HB conformation there are 2 PV seg-
ments (from two neighbor chains) in the unit cell, also with a
similar phenylene-vinylene displacement but with a setting an-
gle® of around 56-68°. These characteristics will be analysed for
the amorphous regions as described in the next section.

For the optical signatures we have chosen finite oligomer clus-
ters, compatible with the broken symmetry of an amorphous en-
vironment, with partial HB and 7#-S local conformations. The
semi-empirical ZINDO/S method used here,2° including single-
excitations configuration interaction (CIS), has been shown to
furnish sound results for m-conjugated stacked systems.34-36
These calculations were carried out via the Cerius 4.6 package, 37
including 30 occupied to 30 unoccupied states for the single exci-
tations.

3.2 Morphology Analysis

We performed two distinct analysis of the films, focusing on intra-
and inter-chain arrangement. Starting with the intra-chain mor-
phology, we evaluated the degree of linearity using the radius-
of-gyration, R,. For the inter-chain properties we employed two
correlation functions calculated between phenylene and vinylene
units within a cutoff radius of 54, equations 1 and 2, which are
computed over the thermal sampling. A(i,j) evaluates the axial
alignment, so we can identify parallel segments, and E (i, j) clari-
fies the relative orientation:

4| Journal Name, [year], [vol.],1-8
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Fig. 2 Snapshots taken from CMD simulations for the non stretched film
(left) and for a stretching ratio of L = 1.5 (right).

AGj) = a4 )

E(@i,j) = (-8 +1)(J; -8 +1)/4, 2

where the “i” (%”) indexes refer to phenylene (vinylene) units,
represented in Figure 3. The versors a define the axis of each unit
(phenylene or vinylene), and n the normal to each unit plane,
while r;; are the versors between phenylene/vinylene units, as
also represented in Figure 3. The factor 4 in eq. 2 is inserted to
normalize E(i, j) in the ideal (crystalline) n-stacking to 1.
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Fig. 3 Unit vectors used to identify the alignment and packing: (a)
Representation of a; phenylene axis, a; vinylene axis. To vinylene a;
axis is defined by the average of Cgy — Cg bonds. (b, c) Local
arrangements of chain segments in a condensed situation: z-S (b) and
HB (c). r;; vector joining phenylene and vinylene units, n; and n; normal
axis to the phenylene or vinylene planes.

In both 7n-S and HB arrangements the axis of neighbor chains
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are parallel, and hence such structures have A(i, j) = 1. E(i,j) as
defined above is in the range from 0.25 to 1, and can be used to
find the local structures 7-S and HB. For structures close to 7-S
we have E = 1, with the phenylene-vinylene distance r;; ~ 4.7A,
and close to HB the range is 0.61 < E < 0.86, with r;; = 5.4A.
Finally, the alignment of the chains along the stretch direction
is also analysed , by calculating the projection of each PV unit R;
(Figure 4) along the stretch direction S by the scalar product R;-S.

4 Simulation Results

We show in Figure 4(a) two typical, different behaviors for indi-
vidual chains during the stretch procedure: on the left we show
a chain that assumes overall a more linear character, elongates
acquiring a larger R,, and on the right another chain that folds
(smaller R,), due to inter-chain local arrangements or “knots”. As
can be seen in Figure 4(b), an initial concentrated pattern of R,
values between 30 and 35A spreads with stretching over a wider
range of values, giving place to a bimodal pattern as the stretching
increases. That is, the evolution of the R, values clearly showed
two groups: one set of oligomers that extend, and another that
fold, with presence mostly of kinks (not trans-cis transitions) as
also illustrated in the same Figure 4. On the other hand, if we
measure the overall alignment of mers along the stretch direc-
tion, Figure 4(c), we see a clear tendency to follow the draw, that
is, we will find more segments aligned with the stretch direction
even for the folded chains.

The number of kinks in a chain can be calculated by the distri-
bution of vinylene-dihedral angles. The kink is characterized by
dihedral values around 90°, while values close to 180° (0°) can be
attributed to local linear trans (cis) segments. In Figure 4(d) we
present the dihedral distributions for (left) elongated and (right)
folded polymers, where we can see that the kink ratio related to
the elongated subset is reduced after 100% stretch (10% to 4%),
and increases for the set that undergoes folding (15% to 18%).

To evaluate the inter-chain packing, we show in Figure 5 the si-
multaneous correlation of the functions E(i, j) and A(i, j) defined
above, for a collection of 100 samples along the CMD simula-
tions. Starting with the analysis of the non stretched film, we see
a natural inter-chain alignment of local character, coming from
the conjugated nature of the polymer (not along any particular
external direction). After stretching we see a definite increase of
local inter-chain alignment. However, we also see that we cannot
clearly distinguish a preferential inter-chain orientation, 7n-S or
HB.

Therefore the most significant morphological signatures in-
duced by the uniaxial stretch were observed to be i) a high en-
hancement of segments aligned parallel to the stretch direction,
and ii) relevant increase in the number of local inter-chain paral-
lel alignments.

This journal is © The Royal Society of Chemistry [year]
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intramolecular dihedral distribution function, vinylene dihedrals, for the
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4.1 Optical properties

We now address the effect of morphology on the optical proper-
ties of an amorphous film, working on simple models built fror.
the signatures found in this work. From previous theoretice!
studies there is sufficient evidence that the symmetries of crys-

Journal Name, [year], [vol], 1-8 |5



Physical Chemistry Chemical Physics

misoriented aligned
pa >

Ei.j)

Fig. 5 Color maps for the identification of local HB and z-S distributions
for the film. The figures are histograms of E(i, j) x A(i, j) calculated for
every i,j (phenylene-vinylene) pair, inside 5A cutoff, for the (a)
non-stretched A = 1 and (b) stretched A =2 film. The maps are built
from 25 snapshots in intervals of 0.1ps (time step = 1fs) after NVT
equilibration, in both cases.

talline packing have a direct effect on absorption and emission
intensities, and in particular that the conversion of perpendic-
ular polarized absorption to parallel emission is favored in 7-S
and forbidden in HB perfect lattices. 22> We argue now that in
an amorphous film we can have local ordering, with only partial
nearest-neighbor filling, which naturally breaks the symmetry. In
this case, the exciton can be formed by light capture at a given
active site (here understood as a cluster of small conjugated seg-
ments), or formed by electron-hole interaction at that site, which
would be characterized by that partial symmetry. We simulate this
behavior by building small clusters of PV oligomers (from P3V2 to
P7V6, up to three oligomers per cluster) organized in partial 7-S
and HB local arrangements. All clusters were taken from the ideal
crystalline packing structures2°. We simulated the optical proper-
ties in vacuum (isolated clusters), that is, the calculated transition
energies are not mediated by the permittivity of the film and thus
we do not expect a quantitative energy spectrum, but a qualitative
picture of the optical behavior of a stretched film.

We show in Figure 6 the lowest-energy transitions for four clus-
ters arranged in local #-S symmetry, analysing already the polar-
ization intensity along the perpendicular (y) and parallel (z) di-
rections. As expected, longer chains produce lower-energy opti-
cal transitions. In all cases the qualitative picture is in agreement
with the results25-26 for solid-state z-stacking: the first exciton
(direct) is polarized along the parallel direction, and we have a
higher-energy (charge-transfer) exciton, with non-negligible os-
cillator strength, polarized along the perpendicular direction. In
this case, we can also expect for the aligned 7-S bundle in the
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Fig. 6 Electronic absorption spectra calculated for different oligomer
clusters in partial n-stacked local arrangements, as sketched on the left
and on the right: 7S A-1 and ©S A-2 with P4V3 oligomers, S B-1 with
P7V6 and P6V5, and 7S B-2 with P4V3 and P3V2. In each case, at the
top the contribution of polarization intensity along the y-axis
(perpendicular to the chain backbone), bottom along the z-axis
(parallel). The spectra are obtained through a Lorentzian broadening of
25 meV, and further normalized in each calculation by setting to 1.0 the
main peak in the chain direction.

amorphous region the conversion of polarization, that is, if the
incident beam is polarized in the perpendicular direction, we will
have absorption, then internal decay followed by emission in the
parallel direction.

Concerning HB local arrangement, Figure 7 shows the results
for this local arrangement for two clusters. We can observe opti-
cal activity in both polarizations, and along the z-direction (direct
exciton) the behavior is very close to that seen for the crystal, we
have an almost dark excitation at lower energy, but now with
non-negligible oscillator strength. More interesting, this excita-
tion for the cluster is of partial charge-transfer character, that is,
can absorb also in the perpendicular polarization (y), and since
the oscillator strength is larger in the z-component, it will proba-
bly decay in parallel polarization.

Summarizing our results for the optical properties of the
oligomer clusters we find that always, be in partial z-S or HB
packing, we will have i) lower, but not null absorption intensity in

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Electronic absorption spectra calculated for two (P4V3) oligomer
clusters in partial HB local arrangements, as sketched on the right. Top,
contribution of polarization intensity along the y-axis (perpendicular to
the chain backbone), bottom along the z-axis (parallel). The spectra are
obtained through a Lorentzian broadening of 25 meV, and further
normalized in each calculation by setting to 1.0 the main peak in the
chain direction.

the perpendicular direction, and ii) probable conversion in emis-
sion to the parallel direction. We stress that this does not require
either crystallization of large cells, or stability of one arrangement
(m-S) over the other (HB) with time.

5 Conclusions

In this work we carried out both experimental and theoretical in-
vestigations on the behavior of polarized emission of stretched
PPV films. Experiment showed that for the stretched film optical
emission is less intense when the incident light is polarized per-
pendicular to the stretch direction S compared to incident light
polarized parallel to S. Moreover, we see conversion of polariza-
tion, that is light absorbed in the perpendicular polarization is
emitted with polarization parallel to the stretch direction.

Our theoretical simulation of amorphous PPV films under
stretch showed that overall the polymer chains align to the stretch
direction, and that local inter-chain packing, n-S and HB, in-
creases. Both effects can qualitatively explain anisotropic opti-
cal behavior. In the first place, the overall alignment to S will
damp absorption from a perpendicular polarized light source as
a whole, since the optical activity of a conjugated linear chain
is constrained to the parallel polarization. On the other hand,
local packing of conjugated segments, from neighbor chains in
the amorphous regions, intensifies that same perpendicular polar-
ization absorption by creating local n-stacking or partial herring-
bone symmetry clusters, that not only can absorb in the perpen-
dicular polarization, but more relevant will emit in the parallel
polarization. Our results further indicate that this polarization-
conversion property is not exclusively restricted to local (unsta-

This journal is © The Royal Society of Chemistry [year]

ble) n-S clustering, since in the amorphous setting it will also be
carried by HB clusters.
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